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PREFACE TO THE FIRST EDITION 


In 1936 , 1 had to find a subject for the presidential address to the 
Zoology Section of the British Association. Afier some hesitation, 

. I diose “Natural Selection and Evolutionary Progress”, since it 
seemed to me that these were two interrelated topics of fimda- 
mental biological importance, yet on which much misappre- 
hension existed. Even amoi^ professional zoologists the modem 
conception of natural selection and its mode of operation is quite 
different from that of Darwin’s day, but much of the research 
on which the changed oudook is based is so recent that die new 
ideas have not spread far. The idea of evolutionary progress, on 
the other hand, has been undeservedly neglected. Thus it seemed 
to me valuable to attempt to give a broad account of the two 
concepts and their relation to each other. 

The result exceeded my expectations. So many of my col- 
leagues expressed interest and the wish that the address m^ht 
be available in more extended and more permanent form, dut 
1 decided to essay expanding it into a book. 

The result is the present volume. I am fidly conscious of its 
hmitadons and imperfecdons, but I believe that it will serve a 
useful purpose. The writii^ of it has so much clarified my own 
thinking, and the discussion of the problems that arose with 
colle^;ues has resulted in so many ideas and points of view which 
were novel both to them and to myself, that I am encouraged 
to believe it will be of general service. 1 also feel sure that a 
classification and analysis of evolutionary trends and processes as 
observed or deduced in nature, and the attempted reladtHi of 
them to the findii^ of genedcs and systemadcs, is of first-dass 
importance for any unified biological outlook; and since others 
better equipped thiui I seem reluctant to attempt die task, I have 
tried my hand at it. 

I owe a great deal to J. B. S. Haldane’s The Causes of Evohilion; 
but though our books overlap, they dif&r cmisiderably in scope 
and treatment Dobzhansky’s, Waddington’s, and Goldschmidt’s 
valwdile and disdnedve books did not appear undl mudi of die 
present volume was already in proof; but 1 have tried to take 
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subject, whose successful launching in 1947 marked a major step 
in die progress of evolutionary biology. 

Darwin’s original contention, that biological evolution is a 
natural process, effected primarily by natural selection, has thus 
become increasingly confirmed, and all other theories of evolution 
requiring a supernamral or vitalistic force or mechanism, such as 
Bergson’s creative evolution, and all “autogenetic” theories 
(Dobzhansky) such as Berg’s nomogenesis, Osborn’s aristogencsis, 
and orthogenesis in the strict sense, together with all L^arckian 
theories involving the inheritance of acquired characters, have 
become increasingly untenable. \ 

Only in the U.S.S.R. has Lamarckism found favouir. Here, 
under the influence of Lysenko, the peculiar brand of Lamarckism 
styled Michurinism was given official sanction, and extravagant 
and ill-founded claims were made on its behalf, while neo- 
Mcndelian genetics, which everywhere else was advancing in a 
spectacular way, was officially condemned as bourgeois or capi- 
talist “Morganist-Mendelist,” and Soviet geneticists were exiled or 
lost their Jobs. See J. S. Huxley, Soviet Genetics and World Science, 
1949; and C. Zirkle, Evolution, Marxian Biology and the Social 
Scene, 1959. 

The Soviet opposition to gcnetical science was particularly 
strong in the field of human genetics, since the orthodox Marxists 
believed or wanted to beheve that a few generations of socialism 
would improve the genetic quality of the population. Eventually 
Lysenko lost his dominant position. But though orthodox 
genetics is now once more permitted, some official encourage- 
ment is given to an uneasy mixture ofMendeUsm and Michurinism. 

Meanwhile in Britain, Waddington (1957, i960) has made a 
notable contribution to evolutionary theory by his discovery that 
Lamarckian inheritance may be simulated by a purely nco- 
Darwinian mechamsm. This he called genetic assimilation. It 
operates through the natural selection of genes which dispose the 
developing orgaimm to become modified in reaction to some 
ravironmental stimulus. Waddii^ton showed experimentally 

u* k L ^ generations of selection for individuals 

which showed the most pronounced reaction, a strain could be 
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obtainM whidi developed die modified character in die absence 
of die oivironmental stimulus. This apjdies to adaptive as weU as 
to ncm-adaptive modifications, and, as Haldane (1959, p. 146) 
points out, could dearly be effective in regard to the origin of 
various types of instinctive behaviour, by the genetic assimilation 
of behavioural modifications. (See also Stem, 1959). 

The upholders of orthogenetic evolution had claimed that good 
fossil series showed unvarying evolutionary trends in one de^te 
direction, and that this could not be explained except by postulat- 
ing some inherent directive force. Their standard example was 
die evolution of the horse. However, G. G. Simpson in his book 
Horses {1951) conclusively demonstrated that the facts are other- 
wise: not only are trends sometimes reversed in single branches 
of the group, but the main trend shows definite changes of direc- 
tion during its course. This is consonant with the view that 
natural selection is “opportunistic” in its operations, a view 
especially championed by G. G. Simpson and accepted by most 
other modem authorities, such as Dobzhansky and Mayr. 

Sheppard in his book Natural Selection and Heredity (1958) has 
analysed the operation of natural selection in detail, especially 
in relation to population genetics, speciation, and adaptations such 
as mimicry. 

The most comprehensive and up-to-date exposition of the syn- 
thetic theory of evolution has just been given by Ernst Mayr in 
his magistral book Animal Species and Evolution (1963). As he points 
out, a radical change in recent evedutionary theory has been “the 
replacement of typologic thinking by population thinking.” 
However, the modem synthetic theory still retains the combina- 
tion of induction and deduction that underlay Darwin’s original 
theory of evolution by natural selection. 

His main point is that the species is a highly organised unit of 
evolution, based on an integrated pattern of co-operative genes 
co-adapted to produce an optimal phenotype, highly homeo- 
static and resistant to major change. This results in what has been 
termed gaietic relativity. No gene has a fixed sdkxtivc value; one 
and the same gene may be highly advantageous on one genetic 
background, Itighly disadvann^eous on another. A lor^tcrai 
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consequence is that the range of mutations and recombinations 
available to any particular organism or taxon is a restricted one 
and its evolutionary possibilities are corr^pondingly limited. This 
presumably accounts for some so-called orthogenetic trends, and 
for various phenotypic tendencies of different families and orders 
of animals and plants. 

As a further result, spedation, in the sense of the spUtdng of one 
species into two, appears to occur most frequent by divergence of 
isolated populations near the margins of a species’ rai^p. These, 
under the pressure of new selective forces and in the absence of 
gene-flow from the central gene-pool of the spedes, ar^ able to 
escape from the old integration and undergo genetic reconstruc- 
tion with formation of a new integrated genotypic pattern. 

Mayr (opp. dt) has synthesized a great mass of work concern- 
ing spedation and the nature of spedes and subspedes. In general, 
he maintains that some degree of spatial isolation is a necessary 
prerequisite for spedes-formation.This definitely seems to hold for 
groups like birds (with which Mayr is especially familiar) and fr»r 
other higher vertebrates such as mammals, and certainly applies 
in the great majority of other cases; but workers on other groups 
like fish and insects have adduced various examples in which 
ecological or habitudinal divergence appean at first sight to have 
led to spedation without the prior intervention of geographical or 
spatial isolation. And E. B. Ford and his associates have shown that 
definite intra-spedfic differentiation of adjacent non-isolated popu- 
lations (of butterflies) may occur in the apparent absence of any 
geographical or ecologicd barrier (Creed, Dowdeswell, Ford and 
MeWhirter, 1959). In plants, of course, spedation can take place 
suddenly, by allopolyploidy (see e.g. Stebbins, 1950; Haldane, 

1959). 

Numerous examples are now known where it is really a matter 
of taste whether to call two distinct groups subspedes or full 
spedes. The most interesting are those where the end links of 
a chain or ring of geographical subspedes come to overlap, and 
yet do not interbreed, either at all or fully, and must therefore be 
regarded as having become good spedes. (See Mayr, 1963). 

Monophyletic assemblages of essentially allopatric populations 



INTRODUCTION 


3CVU 


tJiat are morphologically too different to be included in a single 
species are frequent in most animal groups. Mayr calls such 
assemblies superspecies, and their distinctive allopatric com- 
ponents semispecies. 

Most so-called biological races turn out on analysis to be sibling 
species, phenotypically very similar, but with distinctive and 
incompatible genotypes. 

The majority of animal species appear to be polytypic, composed 
of a number of allopatric subspecies. In some groups the total 
number of existing species is now known with considerable 
accuracy, and also the number of subspecies per species. Thus 
there are approximately 8,600 species and 28,500 subspecies of 
birds. The number of subspecies per species is approximately the 
same in tiger-beetles, but considerably higher in small rodents and 
notably in tropical land-snails. 

Recently, increasing importance has been attached to habitat 
selection as an intrinsic factor leading to localisation and isolation 
of animal groups. Changes in habitat preference, whether modi- 
ficational or genetic, facilitate rapid speciation. In higher verte- 
brates, notably birds, habitat selection is based on psychological 
capacities. For recent work on the subject, see Mayr, 1963, Chap. 
18. 

Both in animals and plants, increasing attention has been given 
to regularities of intraspecific variation. Rensch (op. cit. chap. 3, 
p. 43f.) has tabulated a large number of “geographical rules” of 
variation. Most of these are clinal, and merely extend the results 
already summarized by me in the present work: however, the 
demonstration of the general occurrence of such adaptive 
responses to graded environmental differences is of considerable 
importance. 

Rensch has paid special attention to the allometric consequences 
of change in absolute size, not only intra-spedfically but also 
trans-specifically (op. dt. p. I33f., p. 292). The most interesting 
result is the effect of increased brain-size in promoting greater 
intelligence. This appears to be effected partly by the absolute 
increase in number of neurons, partly by the positive allometry 
of higher cerebral areas. 
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Clines in some characters appear to be present iii the majority 
of animal species studied, and are indices of adaptive geographical 
variation. In plants, ecotypic variation may or may not be clinal: 
see Stebbins, Variations and Evolution in Plants, 1950. Regular but 
non-clinal variation is also seen in some animals, notably in cryptic 
coloration in relation to background. 

The estabhshment of adaptive cryptic coloration under the 
influence of natural selection in local populations of moths in 
industrial areas has been brilliantly and exhaustively studied by 
Kettlc^vell, and is well summarised in Sheppard (1958, \p. 68 f.); 
it affords the best-documented example of Darwinian Avolution 
brought about by natural selection. '■ 

However, there have been numerous other studies, both 
theoretical and experimental, of natural selection operating in 
natural and experimental populations, often at intensities much 
greater than was carher supposed possible. Valuable summaries 
of these have been given by Sheppard (1958), by Maynard Smith 
in The Theory of Evolution (1958), by Dobzhansky (1955, 1962), 
and by Ford (1963). 

As a result of the marked increase of interest in population 
genetics as against formal genetics, selection theory has undergone 
various changes. One striking and in my opinion undesirable 
innovation concerns the concept o( fitness. It is now fashionable 
to define fitness solely in terms of differential reproductive advan- 
tage, without any reference to phenotypic fitness ensuring 
individual survival. Some authors, like Dobzhansky (op. cit.), go 
so far as to call differential reproductive advantage “Darwinian 
fimess, although Darwin never used fitness in this sense, and 
although it was Herbert Spencer who first introduced the term 
into evolutionary theory by his unfortunate phrase The Survival 
oj the Fittest, which Darwin did not employ in the earUer editions 
of the On^m of Species. On p. 129, Dobzhansky writes that 
Darwinian ^fitness is measurable only in terms of reproductive 
profidency, and later (p. 221) that “the only trend [or] direction 
j.r ■ evolution is the production of mote 

i e. Accordingly (p. 1 1) natural selection mean^ differential 

* It would be more logical to say operates by means of. 
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Kprifdiiaim of carriers of different genetic endowmoits ...” 

When we examine the problem more critically, we find that 
we must differentiate between two quite distinct modes of natural 
selection, leading to different types of evolutionary trend, which 
we may call suruival selection and reproductive selection. Haldane 
(1959) jso distinguishes these two modes of natural selection, but 
calls them phenotypic and genotypic respectively. I prefer my 
terminology for natural selection, but suggest using phenotypic 
and genotypic for the corresponding types of social selection (see 
below). 

In the actual processes of biological evolution, survival selection 
is much the more important: selection exerts its effects mainly on 
individual phenotypes, and operates primarily by means of their 
differential survival to maturity. This will produce evolutionary 
effects because, as Darwin saw, (a) the majority of individuals 
which survive to maturity will mate and leave offspring ; (b) much 
of the phenotypic variance promoting survival has a genetic basis. 

Natural selection clearly may also operate by means of the 
differential reproduction of mature individuals, but in point of 
fact this reproductive selection has only minor evolutionary effects. 
Its most general effect is to promote an optimum clutch-size, 
litter-size, or in general terms progeny-number. Its effert in organ- 
isms with separate sexes is to promote mechanisms for securing 
successful matings, from flower-colour in entomophilous plants to 
mating behaviour in birds (see Maynard Smith, chaps. 8 and ii). 
Only when there is strong intra-sexual competition with a high 
premium on mating suc«ss, does reproductive selection promote 
special trends like those to striking display characters in poly- 
gamous-promiscuous birds like Birds of Paradise and Argus 
Pheasants; or those to large size, special weapons, and general 
combative character in mammals with a harem-system, like deer 
and Elephant Seals. Darwin recognized the basic di^rentx between 
these two fiirms of selection when he coined the term sexual selec- 
tion for reproductive selection operating by inicr-malc competi- 
tion. (For impmtant discussions of sexual selection, see chap. 6 of 
R. A. fisher s Genetical Theory of Natural Selection; and Maynard 
Smith, op. dt., and in Barnett’s A Century of Danvin, 1960). 
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Survival selection, on the other hand, as Darwin saw iii 1859, 
inevitably promotes all kinds of trend leading to biological 
improvement, whether improvement in close adaptation to 
environment, in speciahsation, in functional efficiency of particular 
organ-systems, in self-regulation, or in general organisation. 

As R. A. Rsher pointed out in chapters 8 to ii of his great hook 
The Genetical Theory of Natural Selection, man is reproductively 
unique among organisms in showing an enormous range of 
individual variation in fertility, instead of a single optimjum value 
with low variance. Man is also unique in having markedly reduced 
the impact of natural selection on the survival of indivifluals by 
artificial means, such as medical care and sanitation. The relative 
importance of differential survival and differential reproduction 
has thus been completely reversed in most present-day commu- 
mties. 

The human situation is so different from the biological that it 
may prove best to abandon the attempt to apply concepts hke 
natural selection to modem human affairs. All die evolutionary 
differentials now operating, whether in survival or in reproduc- 
tion, have their roots in the special psychosocial character of human 
evolution. It would seem best to accept the fact that a novel form 
of selection, psychosocial selection, or more simply social selection, 
is now operating ; to attempt to define and analyse it more closely ; 
and to see how it could be applied to produce eugenic results. 
Both phenotypic (survival) social selection and genotypic (repro- 
ductive) social selection are now probably dysgenic in their effects. 

Thus R. A. Fisher (op. cit. p. 245) says that evolution in certain 
early ty^^s of society proceeds by “the social promotion of 
fertility, whereas in most modem societies there is a “social selcc- 
tion of infertihty. ’ I have coined the word euselection to denote 
deliberate selection for what arc deemed desirable genetic qualities 
(Huxley, 1962). Herbert Brewer uses eutelegenesis to denote 
eugemc improvement by means of artificial insemination from 
selected donors; and H. J. Muller (1959 and 1962) and he have 
pointed out how it could be rendered much more effective by 

e use of the recent tcchmquc of preserving 

(andevcntuallyovaand immature gcrm-ccUs)ir 


mammalian sperm 
a deep-frozen state. 
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Eugenics and the general relation of human genetics to human 
evolution has been much discussed recendy, notably by Dobzhan- 
sky (op. cit.), by Crow, Muller and others in the first part of the 
symposium on Evolution and Mans Progress (Hoagland and 
Burhoe, 1962), by Medawar in his Reith Lectures (i960), and by 
myself in my Galton Lecture (1962). It is becoming clear that 
social euselection (eugenic selection for the dehberate genetic 
improvement of man) will differ radically from artificial selection 
for the dehberate genetic improvement of domesticated plants 
and animals; and also from natural selection, which operates auto- 
matically to produce biological improvement in natural species 
of groups. It is also clear that , in so far as immediate threats to 
human progress are overcome, such as over-population, atomic 
war, and over-exploitation of natural resources, eugenic improve- 
ment will become an increasingly important goal of evolving 
man. 

Much theoretical and experimental work has been done on 
selection in general. In addition to survival (phenotypic) and 
reproductive (genotypic), sexual, and social (psychosocial) selec- 
tion (see above), the followir^ main types of natural selection 
are now usually distinguished (see Dobzhansky, 1962; Haldane, 
1959; Sheppard, 1958; Thoday, 1958; etc. Haldane in particular 
has helped to quantify the subject) : 

(1) Normalizing, centripetal, or stabilizing selection : tending to 
reduce variance, to promote the continuance of the “nor- 
mal” type, and to prevent change in a well-adapted organi- 
sation. 

(2) Directional, directed, or dynamic selection: tending to pro- 
duce change in an adaptive direction. 

(3) Diversifying, disruptive, or centrifugal selection : tending to 
separate a single population into two genetically distinct 
populations. 

(4) Balancing selection: tending to produce balanced polymor- 
phisms and heteroses in populations. 

(5) Selection for variabihty: leading to high variance in 
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cryptic adaptation in certain conditions (see Sheppard’, 1958). 
To which we may perhaps add 

(6) Post hoc selection, as when a viable new species originates 
suddenly by allopolyploidy. 

In recent years, much attention has been paid to the effects of 
population-density on survival, and a careful analysis has been 
made of the various density-dependent and density-independent 
factors involved and of their selective effects. See e.g. Alice et al, 
1949; Sheppard, 1958, chap, ii; Wynne-Edwards, i 90 i; Mayr, 

1963- \ 

In numerically very small populations, as Sewall Wrpght first 
pointed out, change in gene-frequency may occur by. chance, 
through random survival without the intervention of selecticoi. 
When this occurs through the loss of alleles which inevitably 
takes place in such populations, it is termed genetic drift, and may 
actually override selection-pressure and even lead to reduction or 
extinction of the population. Further, as discussed in chaps. 2 and 5 
of the present work it may also occur when an isolated habitat, such 
as an island or a lake, is colonized by a handful of invaders. These 
will almost certainly not have a full complement of the alleles in 
the gene-complex of the species, so that the local population will 
be genetically distinct from the outset, and will frequently show 
further divergence owing to genetic drift and to local selection (see 
below). This has been called the founder principle by Mayr, who 
gives numerous examples of its effects. The most striking result 
occurs when an isolated habitat has been twice invaded by mem- 
bers of the same parent species: such double invasion not uncom- 
monly leads to the formation of two original subspecies, derived 
from two distinct samples of one ancestral gene-complex, which 
may differentiate into separate species. However, Dr. E. B. Ford 
informs me that my statement on p. 233 of the present work that 
the high geographical diversity of Partula spp. in the Society 
Islands is not due to such colonization of isolated areas by non- 
representative samples of the population : Partula populations may 
change markedly over quite short distances, apparently in selective 
adjustment to the micro-habitat. In his Ecological Genetics (1963) 
he gives numerous further examples of the inadequacy of drift 
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and die efficacy of natural selectkm in accountii^ for local 
differentiation, including diat of snails like Cepaea (Cain and 
Curry, 1963). 

A furdier step from double invasion is what Mayr (is>63) calls 
“archipelago speciation”, or the evolution from a firw original 
“founders” of an adaptive radiation comprising a number of 
species, on archipelagoes like Hawaii or the Galapagos. Similar 
phenomena occur in regions with groups of lakes or of isolated 
mountain peaks. 

Drift in the extended sense can have definite evolutionary con- 
sequences when a novel mutant, segregant, or chromosomal 
inversion occurs in a small isolated population with a restricted 
complement of genes. Its original establishment in the population 
will be a matter of drift. But if it is advantageous in relation to 
the population’s local environment and new gene-complex, its full 
spread will be promoted by selection, unhindered by gene-diffus- 
ion from the original gene-complex of the species. For recent 
discussions of genetic drift and the founder principle, see Sheppard, 
1958, chap. 7; Maynard Smith, 1958, chap. 13; Mayr, 1942 and 
1963 ; Rensch, 1959, chap. 3 ; Ford, 1963 ; and, for man, Dobzhan- 
sky, 1962, chap. 10. 

Perhaps the most important fiict to emerge from research in 
population genetics is that in most animal species, the majority of 
wild populations have a surprisingly high genetic variance, but 
that much of it is potential, and is not manifested phenotypically 
unless released under the influence of selection. This capacity of 
the integrated genotype for storing variance is highly adaptive in 
relation to the evolutionary survival of species. On the other 
hand, the species has to pay a considerable price for this capacity, 
in the shape of die genetic load of disadvantageous variations 
which may be released by recombination. 

Most such populations are not even approximately homozy- 
gous, but are Iwterozygous for a large proportion, perhaps a 
majority, of their genes. There is considerable dispute as to how 
much of this heterozygosity is maintained through selectively 
balaiRied morphisms, through strait heterozygote advantage in 
sing^ genes, through traditional heterosis due to the co-operation 



xxiv evolution: the modern synthesis 

of complementary genes, through the establishment of comple- 
mentary linked polygenic systems as described by Mather, or 
through that of complementary chromosomal types (chromosome 
morphisms) as found by Dobzhansky in wild Drosophila. In any 
case, the widespread existence of heterozygosity will lock up a 
great deal of the variance of a natural population in potential form. 
Linked polygenic systems arc normally balanced so as to secure 
an optimum mean effect on a given character (or on a pair or set 
of balanced morphic characters; see below). Lor^-continued selec- 
tion can change the manifestation of the character, by a ^ow but 
stepwise release of their latent (stored) variance, as shpwn for 
instance, by the work of Mather (1953 and 1956) and Thoday 
(1953 and 1958). 

In this and other ways high heterozygosity confers a marked 
degree of stability on a population, but it also ensures a large store 
of potential variance, which can be released by selection if circum- 
stances demand it. Darwin’s postulate that long-term and major 
evolution by natural selection is normally slow and manifested by 
gradual trends of change, largely in quantitative characters, has 
thus been confirmed, though modem population-genetics has 
shown that short-term minor changes may occur with surprising 
rapidity, under the influence of unexpectedly high selective 
pressures. 

Merc heterozygosity grades into definite balanced genetic poly- 
morphism, or morphism as it is more conveniently called. Much 
work has recently been done on this subject. Already in 1930 
R. A. Fisher demonstrated on theoretical grounds that two genetic 
variants whose frequencies cannot be due solely to mutation, 
could not coexist in the same population unless there is a balance 
of advantage and disadvantage between them. 

The balance may be determined purely by the variations in 
mtcnsity of selection with morph-frequency: e.g. in morphic 
mimenc utterflies, the advantage enjoyed by a particular mimetic 
morp \n 1 decrease ifitsnumbers increase above a certain point (see 
eppar > op. cit.). In most cases, however, the permanent main- 
tenance of the balance is achieved geneticaUy, by means of heter- 
ozygote a vantage, or by double-dose fhomo2v<yoiis^ nbenntvnic 
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disadvantage of one of the alleles or allelic systems concerned. The 
latter mechanism is often achieved by close link^ of a recessive 
lethal or sublethal allele with one of the alleles ^termining the 
phenotypic effects of the morphism (sec Ford, 1963). 

In a general survey of the subject (Huxley, 1955) I showed how 
surprisingly widespread morphism is in nature, both in animals 
and plants (thoi^h visible morphism is much more prevalent in some 
groups of animals than in others). Ford (1963) gives a valuable 
treatment of the subject from the angle of ecological genetics. To 
take a few examples, Sheppard, Cain and their co-workers have 
analysed the morphism of the land snail Cepaea netnoralis in detail, 
and have shown that in some areas the balance is maintained by 
visual predation, in others by genetic viability factors (sec Shep- 
pard, 1958; Cain and Currey, 1963). The immense diversity of 
colour and pattern in various beach-dwellir^ forms like Domx 
and other small bivalve molluscs is apparently advantageous per 
se, in making recognition by sandpipers and other predators more 
difficult. Such massive polymorphism, where the degree of varia- 
tion itself is adaptive, by minimising losses through predation, 
seems also to occur in brittle-stars, sea-anemones, tubicolous poly- 
chactes and various grasshoppers (Moment, 1961). 

The polymorphic mimicry of the eggs of the European Cuckoo 
appears to depend on a combination of genetic morphism with the 
existence of partially localized strains or gentes which prefer 
different fosterer (host) species. The precise methods involved in 
the genetic determination of the often amazingly accurate mimetic 
egg-morphs and in the distinctiveness and the geographical restric- 
tion of the gentes still remain to be elucidated (see Southern, 
1954; summary in Rodischild and Clay, 1952, chap. 16). 

In the butterfly CoUas eurythema, Hovanitz (1953; see also 
Remington, 1954, Adv. Genetics, 6, 403) was able to show that 
the white morph was selectively favomed at lower temperatures, 
and thereft>re at higher altitudes and latitudes. 

In this and many other species, there is thus a iimorph ratw 
dine — a geographical dine manifested in the changing propor- 
ticMis of the two morphs. Numerous cases of morph-ratio dines 
have now been studied, and in one of them (britUed pattern in 
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guillemots, Uria aalge) field studies of the dine have been repeated 
at two ten-year intervals. Hiese confirm that the dine is de&iitely 
correlated with climate, cold and humidity favouring the bridled 
morph; but have revealed s%ht but s^nificant changes in the 
bridling percentage, a decrease over the first ten-year period being 
followed by an increase in the second (Southern, 1951 and 1962). 

Balanced morphisms involving whole chromosomes instead of 
single genes or small groups of genes can also play an important 
role, e.g. in Drosophila, where they have been brilliantly studied 
by Dobzhansky (1951, 1955); see also White {1961. t^p. 10). 
Here, too, morph-ratio differences may exist in rdVtion to 
environmental factors: the frequency of the different morphs 
(chromosome types) shows seasonal and geographical variation, 
the latter often manifested in climatic ratio-clines. 

Recently the classical and most complex case of polymorphic 
mimicry, the swallowtail butterfly Papilio dardanus, has been 
thoroughly investigated (see Clarke and Sheppard, 1959). It is 
now clear that it is a true genetic morphism, with the different 
phenotypic morphs selectively balanced against each other by 
ecological as well as genetic factors. The basic differences between 
the main morphic types are determined by major switch-^enes 
or supergenes, while the detailed resemblance of mimetic type 
to model is brought about by dependent polygenic systems. 
Where the range of a mimic extends beyond that of its model, 
the accuracy of the mimetic resemblance breaks down, showing 
that selection is needed to maintain it (Ford, 1936). See also 
Ford, 1963 ; and P. M. Sheppard in Cold Spring Harbor Symposium, 
1959. Here, as in many other cases of adaptation, die indis- 
pensability of natural selection in producii^ teleonomic results 
(see later) has been established. 

The stability of such selectively balanced morphic systems is 
shovm by the morphism for sensitivity to PTC (phenylthiocarb- 
amide). To most human beh^s PTC tastes disagreeably bitter; 
but a minority of about 25% , though varying sl%hdy in different 
ethmc groups, have a higher genetic threshold for it, and cannot 
taste it at all except in high concentrations. It was later found that 
the same is true for chimpanzees, showing diat this particular 
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balsmc^ morphism must have persisted in die gene-<x>mplex of 
higher primates for lo millions years or so (see p. 53 of die present 
volume). It has recendy been shown diat PTC sensitivity is cor- 
related with thyroid function; this is presumably implicated in the 
balance of advanta^ concerned. For sensory and odier morphisms 
in man, see Kalmus, 1957. 

Perhaps the most important and certainly die best-invesdgated 
of sudi stable morphisms is the ABO blood-group system."' 
whidi occurs in fundamentally the same form in man and die 
anthropoid apes and again must have existed for millions of year 
(see e.g. Mourant, 1954; Mourant et al. 1958; Boyd, 1950; Race 
and Sanger, 1962). 

For a long time it was maintained, even by professional 
geneticists, that blood-group genes were selectively neutral, in 
spite of R. A. Fisher’s theoretical proof to the contrary, and Ford’s 
prophecy of the association of blood-groups with specific disease 
in 1949, six years before its discovery. However, recait studies 
have shown that this is not so. Blood-group genes are concerned 
with proneness to pernicious anaemia, to early broncho-pneu- 
monia and to certain types of ulcer and cancer; probably with 
general viability; and possibly with fertility. These discoveries are 
opening up a new branch of medicine (see Clarke, 1961). There 
can be no doubt that the numerous other morphic blood-group 
systems in higher vertebrates (e.g. in catde and pigeons) are also 
maintained by some fi>tm of selective balance and are equally 
important physiologically and biologically. 

The case of sickle-cell anemia is particularly illutninating. It 
shows how a mutant allele concerned in the production of an 
abnormal type of haemoglobin, which is lethal^or sublethal when 

* The genetic terminology usmUy employed for die biood**groups is most unfortunate 
and should be replaced by that of Ford (i9$5). In this GA, GB, and g denote the main 
multiple alleles concerned. Persons of O blood-type will thus be ^ ^ in genetic consti- 
tution» diose of B blood-t’m will be GbGB or G^^, those of A blooo^type will be 
GA GA or GA^^ and diose of AB blood-type will all be Ga Qs. If desired, the terminology 
can be extended the genes to cover the antigens and antibodtes fbr whkh dsey are 
r^ponsible. In pc^t of £a^ die situation is more complex, since there are 3 allclk of 
^erent ^rengm (domssiance) responsible f<»r A dbaracters — GA^, Ga<, and GA*, which 
interact with GB in various ways; but it remains true diat blood^roup genetics cannot 
be ^ojperly understood widmut a proper allelsc nomenclature. 

^mdarly but more simply, in the MH blood-mup two alleles are involved, LM 
and Posotis of biood<*trm M wiB he iMm constitution; of blood-type MN, 
LM JLN; of blood-type N, Ln jya. 



xxviii evolution: the modern synthesis 

in double dose (homozygous) may when in single dose (heterozy- 
gous) confer such advantage in certain conditions (in this case in 
regions of high incidence of malaria) that it enters into morphic 
balance vwth its normal homologue. The sex-linked gene for 
favism seems to have a similar effect (see Fraser Roberts, 1959 
Kalmus, 1957; Mourant, 1962). 

Several dozen other genetical variants of haemoglobins, hapto- 
globins, and transferrins are now known, many of them so 
abundant in particular areas diat they must be maintimed in 
morphic balance by selection (see Mourant, 1962). \ 

However, Fisher’s basic thesis that genetic polymorphism must 
always involve a balance of selective advantage and disadvjuitage, 
has been put in question by recent discoveries in haematology, 
enzymology and immunology. It now appears that many — 
perhaps all — polypeptides and polysaccharides in higher verte- 
brates, as well as, of course, polynucleotides, exist in a large 
number of chemical forms some differing markedly, others only 
slightly, in their effects. In the case of gammaglobulin, Oudin 
(1958) calls these variants allotypes: the term can usefully be 
extended to all such cases of biochemical polymorphism : e.g. all 
enzymes so far investigated appear to exist in a number of allotypic 
forms. Smithers et. al (1962) suggest a cytogenetic mechanism 
which would account for the origin of numerous allotypes. 

In discussing the matter, the following points are relevant. (1) 
It now turns out (see Pontccorvo, 1959) that genes in the cus- 
tomary sense are functional units of physiological action, techni- 
cally known as cistrons. They are structurally compound, consisting 
of a series of ultimate umts of crossing-over (sometimes called 
recons) and of mutation (mutational sites, sometimes called 
mutons). These in turn are each composed of a small number of 
nucleotide pairs. The particular sequence of nucleotides is what 
gives the whole gene its specific character. The maximum 
estimated number of mutational sites per gene range from some- 
thing under ito in Drosophila to over 300 in phage T4 and over 
^ total number of mutational sites even in 

such a comparatively simple organism as Aspergillus is over six 
milhon. 
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Mo<£mi work on DNA (see e.g. Davidson, i960; ChargafF and 
Davidson, 1955-60; New Biology, i$>6o), has made it reasonably 
certain that the constitution of particular proteins is specifically 
related to the structure of particular genes — in other words to 
particubr sequences of nucleotides in the genetic code provided 
by the genic DNA. This appears to be effected by a double 
template action, first of DNA on RNA and then of RNA on 
protein-formation. 

It is also resonably certain that the complexity of DNA is so 
great that it is Uable to slight changes in local chemical structure. 
These may be produced by radiation or chemical action, or by 
spontaneous rearrangement. When these changes are of consider- 
able effect, they result in the obvious mutations of the mendelian 
geneticist. But it may be presumed that the majority are of very 
slight extent. The existence of some of these, the so-called 
modifiers, can be deduced from genetic experiment (see e.g. 
Mather, 1953, 1961), though they cannot be individually identi- 
fied. Others can be detected and identified, but only by special 
genetic techniques, notably those of microbial genetics, where 
the research worker has vast numbers of individuals available 
and can utilize dehcate chemical techniques for detecting sUght 
genetic differences (see e.g. Pontccorvo, 1958; Jacob and Woll- 
man, 1961). 

The tentative suggestion may now be made that mutants of 
considerable extent and definite effect will cither be reduced by 
selection to a very low frequency, or in certain circumstances 
will be utihzed in establishing balanced morphisms of the type 
envisaged by Fisher or Ford. Mutations of very small extent, on 
the other hand, will not be subject to negative selection so long 
as their effects remain within what may be called the permitted 
spectrum of variation for the species; while some (e.g. presumably 
many minor modifiers) may indeed be advants^eous in increasing 
the ffexibihty of the gene-complex and its capacity to cope with 
a ffuctuating environment. They will then not be selected gainst 
and will not cmly persist but will accumulate, through repeated 
mutation at the same site, to a frequency much higher than 
mutation frequency. 
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Such persistent allotypy is clearly quite distinct from balanced 
morphism, though of course allotypes may be selectively utilked 
in morphisms Hke the blood-groups, while in the same blood- 
groups other multiple alleles (e.g. those -within the A blood-type 
in the ABO system) may possibly be allotypes -without significant 
selective value. 

In any case, it seems clear that the genetics of poly- 
morphism, including allotypy as well as morphism ,in the 
strict sense, is destined to be of great importance not oinly for 
medicine but for immunology and biochemistry and l^or the 
rapidly growing science of individual diffrrcnce (s^ e.g. 
Williams i960). Polymorphism gives a new dimension to the 
gene-complex. 

A remarkable special case of intra-individual allotypy is pro- 
vided by the diversity of transplantation antigens in the tissues. 
The presence of these normally prohibits the transplantation of 
tissues between conspecific individuals. A multiplicity of antigens 
implies a multiplicity of response, and there has been much dis- 
cussion of whether one future antibody-forming or “immunologi- 
cally competent” cell can respond to any antigen, or whether, as 
in the clonal theory (sec Burnet 1959; also Lederberg, 1959) there 
is some restriction of competence. Burnet’s theory envisages a 
genetical polymorphism of the lymphocytes produced by a single 
zygote, arising by somatic mutation; but this rather improbable 
hypothesis is still very much in doubt. True genetic allotypy may 
also be involved. Thus in mice there are over 20 antigenic loci, 
some of complex nature with up to 20 pseudo-alleles, presumably 
as a result of sUght allotypic mutation. 

In any case, immunological research has cleared up the old 
evolutionary puzzle of the thymus, whose function is now firmly 
established as provider of adequate supplies of two types of 
immunologically effective cells early in life. In birds, the thymus 
produces one such cell-type, -while the hitherto mysterious bursa 
fabridi is now known to produce the other (see Burnet 1962). 
Meanwhile, the evolution of the immunological mechanisms of 
vertebrates, including their auto-immunity, remains ol»cuie, 
though work such as that of Medawar (1958; sec also Burnet, 
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1959) on homogtafb and immunological tdetance has shed much 
light on their oporatitms. 

The perennial discussions about adaptation, directional trends 
and their limitations, and apparent purpose in evolution and its 
products have entered on anew phase, which may be conveniently 
dated to the world-wide re-evaluation of Darwinism that took 
place in 1958 and 1959 around the centenary of its birth. 

For one thing, there was a belated recognition that Darwin’s 
own conception of (biological) improvement is fundamraital. In 
the Origin he had written that natural selection “has as its ultimate 
result . . . that each creature tends to become more and more 
improved in relation to their [sic] conditions. This improvement 
inevitably leads to the gradual advancement of the organisation 
of the greater number of livii^ beings.” It remains for modem 
biologists to define and analyse the concept of improvement in 
detail. 

Pittendr^h (1958) has performed a useful service by coining the 
term teleononiy to doiote this inevitable effect of tiatural selection, 
which simulates purpose by imposing an essentially directional 
character on biological evolution. The evolutionary process is thus 
not teleological, directed by some consciously purposeful urge, but 
tekonomic, automatically moving in the direction of adaptation 
and improvement. 

Considerable work has been done on trends in evolution, as 
revealed by fossil evidence. Much of this is presented by G. G. 
Simpson in his book The Major Features of Evolution {1953) and 
has been summarized by Haldane (1959, p. 134). Simpson has also 
assembled an important body of facts about rates of evolution, 
showing (a) that measurable evolution proceeds at difierent rates 
at different times during tire period when a group is undergoing 
adaptive radiation; (b) that tUtierent major groi^ sudi as phyla 
and classes show different mean rates of evolutiotuury change, the 
cariier-evolved and lower or mote primitive types in general 
showily slower rates. To take a couple of exampks, the rate of 
increase in length of equid teetit was around 3^ per emt pi» 
million yean; the average duratum a genus in the Carnivora 
and mc^ other ^oups of pbcnrtat manuii^ is aroimd 8 million 
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yean, while that in some lower molluscs nuy be tenfobl this. 

Haldane (1959) has an interesting discussion of the problem, 
pointing out that “Darwin was unique in his time in giving the 
rate of evolution approximately correctly.” He has proposed the 
term darwin for a rate of change in dimensions by e (2.718) per 
million years, which is equivalent to i.ooi per millennium. The 
rate for horse teeth was between 20 and 40 millidarwins, and only 
very rarely has natural evolution reached a rate of i darwin, 
whereas artificial selection produces rates very much higher, up to 
10 kilodarwins. \ 

To facilitate thinking in terms of evolutionary time, I have sug- 
gested the term cron for a period of i million years (Hui^y, 1957). 
In this terminology, the whole evolution of life has taken under 
3 kilochrons, and that of man about i cron, while human history 
since the end of the last glaciation is measured in millicrons. 

The time needed for the formation of a new species varies 
greatly (Mayr, 1963, chap. 18). In the absence of radical and rela- 
tively rapid reorganisation of the gene-complex by “genetic revo- 
lution”, as is the case when two populations are isolated only by 
distance, speciation will be slow and may take up to several 
million years. But when an isolated marginal population passes 
through an evolutionary bottleneck, the process will be accelerated, 
and in exceptional cases may take only a few thousand years or 
even less. 

Much thought has been given to the study of evolution as a 
process, and of the major trends and sub-processes involved in its 
operation. Rensch (1954) distinguished two major sub-processes— 
dadogencsis* and anagenesis. Cladogenesis or branching evolution 
leads to progressively greater divergence and diversification of 
organisms. Anagenesis or upward evolution leads to major 
advance in organization and biological efficiency. Later, I (see 
^ cy, 1961), suggested expanding anagenesis to cover all types 
ot improvement, including improved detailed adaptation, im- 
proved specialisation for a particular way of life, more efficient 
organisation of some major functional organ-system, like diges- 

in the Englirf, trambtion of 
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tive, n^ous or locomotory system, and improvement of die 
pattern of general organisation, e.g. as between diploblastic and 
tribloplastic animals or between reptiles and placental mammals. 

Considerable attention has been given to the evolutionary 
aspects of functional morphology. Thus Manton (1961) has shown 
how different successful arthropod groups (e.g. centipedes and 
millipedes) arc characterized by different patterns of locomotor 
functions and structure, each faciUtatii^ a particular habit of life. 

I also attempted to re-analyse the most significant of all 
anagenetic processes, the trend to biological progress, to which I 
had devoted die final chapter of the present book, and came to 
the conclusion that evolutionary progress could best be defined 
as “advance in organisation which leaves the door open for further 
advance” (Huxley, 1947). 

In addition, I proposed (see Huxley, 1957 and 1958) distinguish- 
ing a third major subprocess, which I termed stasigenesis — ^the ten- 
dency to limitation of anagenetic trends and their eventual 
stabilisation. The resultant stabilized types then persist for long 
periods, sometimes indefinitely. 

Over three-quarters of a century ago, T. H. Huxley had drawn 
attention to the existence of “persistent types” as evidence that 
evolution was not always progressive or directional: we now see 
that they testify to the frequency of stasigenesis. Persistent types 
include the so-called “living fossils.” Two notable examples have 
recently come to Ught — the coelacanth fidi Latimeria, belonging 
to a group which was supposed to have become extinct at the end 
of the cretaceous, about 70 million yean ago; and the spectacular 
deep-sea form Neopilina, an exceed^gly primitive mollusc not far 
removed from the common ancester of molluscs and annelids, 
whose nearest fossil relatives date back to at least 400 million yean 
ago (Lemche, 1957). Both these discoveries illustrate the well- 
known fiict, also seen in the monotremes and the lungfish, that 
living fossils, though beloi^ing to a persistent type of general 
organisation, are ofien highly spedaliz^ in regard to habiut or 
particular way of life. 

Further consideration has made it clear that even the most suc- 
cessful and abundant types may show apparently indefinite per- 
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sis tcncf, Basic avian organisation has persisted unchangol for 
about 20 million years, and basic ant organisation for over 50 
million. In both groups, later evolution has been amfmed to 
specialized divergences, occasionally up to the rank of Fanaily, but 
mostly generic and sometimes even only specific. 

The prevalence of persistent types means that, in paleontology, 
chronological sequence need not imply phylogenetic sequence. 
The three-toed type of foot pattern represented a definite grade 
(see below) in the evolution of horses. But it persistei^ as such, 
for a considerable time after the evolution of one-teted forms 
(Simpson, 1951). Similarly, the Australopith type seems, certainly 
to have persisted for a considerable time after the evolution of 
definitely human types. 

Consideration of persistent and progressive types and lineages 
and of the widespread existence of parallel or convergent evolu- 
tion, has led to changes in taxonomy. It is theoretically necessary 
to distinguish between two types of assemblage — grades and clades. 
A cladc is a phylogenetic unit with a single evolutionary origin; 
whereas a grade is an assemblage of forms at a common level of 
evolutionary stabilisation and persistence. In many cases, named 
taxa must be simultaneously clades and grades. However, in some 
cases, c.g. the Subholostei and probably the Teleostei in bony 
fish, it is only a grade, which has been independently reached by 
the parallel evolution of two or more separate clades (see Huxley, 
1958 and the interesting symposium on The Species Concept in 
Taxonomy, edited by Sylvester-Bradley, 1956). This subjea has 
been well summarised by G. G. Simpson in his Prittciples of 
Animal Taxonomy (1961), chap 4; he also deals illuminatingly with 
many other implications of evolutionary fact and theory for 
taxonomy and classification, including the olyective r^ity of 
higher taxa. 

Meanwhile, it became clear that improvement of general 
organisation is brought about by a succession of successful types. 
Each new type achieves its evolutionary sutxcss by virtue of 
superior organisation, and as a result evolves into a new taxonomic 
^oup which radiates (undergoes cladogencsis) at the expense of 
t c earUer groups in competition with it, including ihc group of 



INTSODtJCTlON 


XXXV 


jamilar taxonomic tank firom which it has originiated, though this 
may and docs usually persist in reduced numbers. This process 
appears to apply to die anagenesis of all taxa from genus tq>wards, 
and indeed inevitably results in a taxonomic hierarchy. 

Looked at &om the ai^le of biological improvement, major 
anagenedc transformations, such as those leading to the formation 
of a new successful type like a new Class or Subclass, appear to 
involve a series of improvements in one important character after 
another: e.g. in the evolution of Birds from Reptiles (de Beer, 
1954) and of man from lower Primates (le Gros Claik, 1955, 1961). 
This process of stepwise coadaptation has been called mosaic 
evolution by de Beer. 

Each step of improvement presumably permits a minor radia- 
tion of the new improved type, the next step then being taken 
only by one or a very few of its radiating lineages, while others 
persist stasigenetically. This seems definitely to have happened in 
the evolution of horses and man (see above). In other cases, such 
as birds, fossil remains are so scarce that all we have left are isolated 
representatives of the main stages or grades, though presumably 
the type of each stage would have undergone some radiation and 
some of its representatives would have persisted into the next 
stage. 

The process of step-by-step anagenesis is especially clear and 
especially important in relation to large-scale evolutionary advance 
or progress. This appears to be brought about by a succession of 
so-called dominant types of organization, each new successful 
type becoming dominant in its particular major habitat, and 
embodying the highest level of biological organisation found in 
that habitat.* Familiar examples indude the succession of cepha- 
lopod types culminating in the dominance of die squids and octo- 
puses, of bony fish culminating in that of tlw Tdeostei, and die 
most interesting for oursdves, the successiem from amphiltian 
through r^mle to mammal and man. 

A fourth sub-process is that of diffusiem, leading to convergoice 

Hus evolutionary dominance, as also the ethological dominance seen in animal 
behaviour, has, of course, nothing to do with mendelian dominance as found in genetics. 
In particular, it must be pointed out that the development of evolutionary dominance 
docs not depend on dominant mutations or aheies. 



XXXVl 


evolution: the modern synthesis 


instead of divergence. In biological evolution it operates only on 
a very minor scde by diffusion of genes between separate species 
or more rarely genera, and much more commonly in plants 
(though goie-diffusion between animal subspecies is common). 
The usual method by which interspecific gene-diffusion occurs in 
animals is by introgression, in which one species becomes modified 
by the incorporation of a proportion of the gaies of another. In 
plants, introgression is also common, but fuU hybridisation also 
frequendy occurs with the formation of hybrid swamis: this is 
much rarer in animals. \ 

In psychosocial evolution gene-diffusion owing to n^gration 
is common, and has prevented human subspecies (primary races) 
from evolving to full species (see Coon, 1962; Mayr, 1963). In 
addition, the cultural diffusion of ideas, art-forms, machines and 
other products, has played an increasingly important role, and is 
now preparing the way for the birth of a single world cultural 
and sociogenetic system. 

Meanwhile, following C. D. Darlington’s earher work, con- 
siderable attention has been devoted to the evolution of the 
genetic system itself (see c.g. Darlington, 1958; White, 1954 
1961; Dobzhansky, 1955). The major stages in the evolution of 
the genetic system would appear to be as follows. 


(0 


{2) 


The viroid or “naked gene” stage. The pre-cellular 
orgasm consists of a single “gene” or gene-string of 
nucleic acid, together with a limited equipment of proteins. 

The bacterial stage. The genetic system consists of a single 
chromosome without nuclear membrane, but enclosed in 
a cytoplasmic cdl-body provided with a ccll-mcmbranc. 
Ihe genes can thus interact with various cytoplasmic con- 
stitucnts (see Pontecorvo, 1963). 

(3) The haploid nuclear stage. These arc several chromosomes, 
cnclo^d in a nuclear membrane. The chromosomal genes 
can thus interact with each other within the nucleus, as 
c as with cytoplasmic constituents across the nuclear 

mrieiTV 

momentarily after sexual fusion. 
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(4) The diploid stage. The genetic system is diploid for a long 
period, in higher animals and land plants for almost the 
entire Ufe-cycle. This makes possible much greater genetic 
variance, by permitting higher degrees of ploidy and by 
providing for the storage of recessive mutants in the shelter 
of their recessive homologues, the formation of linked 
polygene systems ensuring stability but allowing the slow 
release of variability under selection (Mather, 1953, 1961 ; 
Mayr, 1963) ; permitting the production of small chromo- 
some rearrangements determining novel protein and other 
allotypes (p. xxviii; Smithers et. al., 1962) and of large 
chromosome rearrangements leading to intra- and inter- 
specific differentiation; and the building up of balanced 
gene, supergene and chromosome morphisms (p. xxvf). 
See e.g. White, 1961, chap. 19; King, 1962; Dobzhansky, 
1951. 1955- 

There has also been a great development of animal ecology, 
including the study of the teleonomic character of integrated 
ecological communities, and the ways in which they develop and 
evolve in time (see e.g. Elton, Animal Ecology, 1947; Allee et al.. 
Principles of Animal Ecology, 1948, Section V ; Darling, Wild Life 
in an African Territory, i960; Andrewartha, 1961). 

Communities which have evolved in continuous coadaptation 
over long geological periods become tightly integrated and highly 
resistant to invasion by fresh species, whereas younger commu- 
nities, especially in areas which have been exposed to major 
environmental change in the recent geological past, show looser 
organisation and are more readily colonized by new or alioi 
species. 

Ecological concepts have been clarified, notably that of nkhe 
as something quite ^fierent from habitat. The niche of a species, as 
Mayr puts it, is the outward projection of its needs. A halntat will 
contain a large number of ecological niches. These may be of very 
different extent; for instance, a single host-plant may provide 
several micro-niches for a corresponding number of phytophagous 
insect species, a single culture-botde may contain miaro-niches for 
more than one species of Drosophila. On the other hand two 
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related species cannot coexist in a single idmtkal ecological niche : 
one will exclude die other (exclusion principle: Cause’s Law). 
This has been experimentally demonstrated with Paramedom, 
flour-beedes (Tribolium) and Drosophila. (See Mayr, 1963). 

A new niche may develop into a whole new adaptive zone, as. 
with the earliest invasion of the land by vertebrates, die colonisa- 
tion of a biologically “empty” area by the ancestral Geospizid 
finch on the Galapagos archipelago, or die opotiing tgi of the 
rodent adaptive zone by the evolution of a dentition adapted for 
grawing (see Mayr, 1963 ; Simpson, 1953 ). The successfiil^vasion 
of a new adaptive zone permits the evolution of a ne4 higher 
category or taxon, such as an Order or Suborder. This of course 
is accompanied by rapid cladogenesis, leading to an adaptive 
radiation, during which the new taxon occupies an increasing 
number of smaller adaptive zones and ecological niches. Such 
radiations usually go through an “explosive” phase when normal- 
izing selection is low and evolution rapid. During this phase a 
number of new types may appear and evolve for a short time 
before becoming extinct, while other types increase their success- 
ful exploitation of the taxon’s adaptive zone. 

Considerable advances have been made in understanding the 
first evolution of life from non-living compounds on this planet 
(see c.g. J. W. S. Pringle in Evolution, Symp. Soc. Exp. Biol. VII, 
Cambridge, 1953; A. Oparin, The Origin of Life, 1957; Calvin, 
1957b; Horizons in Biochemistry, 1962). The most interesting 
point for general evolution theory is that we must postulate a 
form of natural selection acting during the transition period from 
non-life to life, operating not via the differential reproduction of 
particular organic compounds but via the differential time of dieir 
persistence. 

Much interesting and indeed exciting work has been done in 
ethology, notably on the origin of behaviour-patterns in animals, 
and their further evolutionary implications and consequences. I 
would specially mention the studies on communication in higher 
animals, notably on imprinting and critical periods for learning 
(including the surprising discovery that some song-birds have to 
leam their full song, while others do not), <mi appeasement and 
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displacement activities, on ritualisation, on the language of bees, 
on the formation of social bonds in vertebrates and insects, on 
orientation (including the extraordinary fiict that night-migrant 
birds steer by the stars), on * ‘internal clocks’^ and other endoge- 
nous activitks independent of peripheral stimulation, on the 
origins of tradition and on the role of exceptional individuals in 
modifying it. As regards the evolution of learning, it is now clear 
that complex instincts usually include an important learned com- 
ponent; and conversely that in learned behaviour there is usually 
an important genetic element, both in regard to the type and 
range of what can be learned and to the speed and timing of learn- 
ing. See e.g. Tinbergen, 1951; Thorpe, 1956, 1961; von Frisch, 
1955; Lorenz, 1952; Marler, 1959; Frisch, 1959, and Dobzhansky, 
1962, p. 212, on tradition in monkeys; Roe and Simpson (ed.) 
1958; Matthews, 1955; chap. 9 on The Expression of the Emotions, 
in Barnett, 1958; Section 10, Evolution of phenomena of conscious-- 
ness, in Rensch, I959; and, on the relations between animal 
ethology and human behaviour, Thorpe and Zangwill, 1961. 

Recent work has made it clear that two processes are contained 
in memory, the first dynamic, involving the circuiting of impulses, 
the second structural, involving material changes in the neurones, 
synapses, and terminal knobs concerned in the circuiting (sec 
Thorpe, 1961; Gerard, 1961). It has been suggested that RNA 
is structurally modified in the process of learning, and so facilitates 
the permanence of the transmission of the learned pattern of 
impulses (Hyden, 1961). In planarians, it has been maintained that 
the altered RNA is stored in various parts of the body, and can 
make possible the transmission of learning to a new brain (cephalic 
ganglion) produced by regeneration from a posterior hal&animal 
(Coming and John, 19^1, McConnell, 1962). 

In Chap. 9 of the present work, I described numerous conse- 
quential trends resulting from past evolution. These all concerned 
structural or physiological characters. An interesting point 
emerging from recent work is that evolution has endowed higher 
animals with many consequential potentialities of behaviour 
which are not normally utilized. These include die counting 
ability of Jackdaws, the string-pulling activities of various small 
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birds, the discovery by individual Blue Tits of how to reniove the 
lids of milk bottles, tic painting abiUties of anthropoid apes, die 
capacity of cetaceans for communication and emotional attach- 
ment, and of large carnivores like lions for personal friendship 
with human beings. (See Thorpe, 1956; Lilly, 1961; Huxley^ 
1962b; Adamson, 1961; Morris, 1962). Psychedelic drugs appear 
to be revealing a vast range of almost untapped psychological 
possibilities of the human mind (Ropp, 1957; and references in 
Huxley, 1962b). 

Recent research has cleared up a particular evolutionary j^rob- 
lem which especially puzzled Darwin — the origin of powerful 
electric organs in a few separate groups of fish. 

It has now been shown (a) that the swimming musculature of 
fish can generate electric potentials which can be experimentally 
detected in an aquarium; (b) that a considerable number of fish 
have independendy evolved low-power electric effector organs 
from their musculature, and highly sensitive electric receptors 
from receptor elements of their lateral line system; and (c) that 
by these means they are able to detect obstacles and to find their 
prey in muddy waters (see Lissman, 1961). 

Wynne-Edwards in his big book. Animal dispersion in relation 
to social behaviour {1962) has collected a large number of facts on 
which he bases some important and stimulating, not to say revolu- 
tionary, theories as to what he calls the epideictic relation, between 
signals and display and other aspects of social behaviour on the one 
hand, and the adaptive regulation of animal numbers in various 
species on the other hand. 

Salisbury (1961) gives a summary of the evolution of 
weeds and the pre-adaptations or prerequisites which make for 
the success of alien introduced plant species, while Elton (1958) has 
provided a valuable account of the results of introducing ahen 
animal and plant species into various countries. 

The esublishmoit by natural selection of strains of insects and 
other arthropods resistant to insecticides, mentioned on p. 471 
of the presait work, has now been brought about in numerous 
other organisms and is impeding the progress of pcst-control, 
while the extended use of chemical sprays and other mass pesti- 
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ddes is seriously upsetting the ecological balance and in some cases 
damaging human health (see R. Carson, 1962; Babers and Pratt, 
1961 ; Brown, 1958). The similar establishment of bacterial strains 
resistant to antibiotics, which was not mentioned in the original 
.text, is now all too clearly demonstrating the efficacy of natural 
selection by the serious ef&cts it is having in hospitals, and indeed 
on the treatment of infectious diseases in general. 

Biochemical evolution concerns the evolution of chemical 
compounds or mechanisms which play key roles in the processes 
of life, such as chlorophyll, haemoglobin, actomyosin, ATP 
(adenosine triphosphate), thyroxin in chordates, uric acid excretion 
in cleidoic-egg vertebrates. It has received considerable attention 
in recent years. Here I can only refer to such books as Baldwin, 
1949; Florkin and Morgulis, 1949; Williams, 1956 and i960; and 
Haldane, 1952: to Baldwin’s chapter in Evolution, Symp. Soc. 
Exp. Biol. VII, 1953, to Bernal’s, Platt’s and Calvin’s articles in 
Horizons in Biochemistry (1962), and Calvin’s article (1962) on the 
evolution of photosynthesis. 

I must, however, draw attention to the outstanding event in 
this field, namely the dethronement of the proteins from their 
biological pre-eminence. It used to be held that life was based on 
proteins. Today, we know that DNA is the basis of life and its 
evolution, and that proteins, though essential for its operations, 
owe their production to the activities of DNA (see p. xxix). 

Since 1942, the study of epigenetics (individual developmait) 
has contributed materially to a better understanding of evolu- 
tionary process. I have aready referred to Waddington’s discovery 
of genetic assimilation: numerous other examples, notably con- 
cerning the evolution of epigenetic canalization, whereby the 
processes of normal development are channelled along adaptive 
pathways or creodes, wiU be found in his The Strategy of the Genes 
(1957), New Patterns in Genetics and Development (1962), and The 
Nature of Life (1961); the latter discusses die general cybernetics 
of development and evolution in an illuminating way, as well as 
the interaction of the two processes. Meanwhile, Bonner has 
approached the same subject from a somewhat different angle in 
his stimulating book The Evolution of Developmetit (1958)' Sec also 
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Lehmann, 1945, for the clasaod approach to the subject. 

I have referred to the evolutionary importance of phenocopies 
(p. xivf.) and of the cpigenetics of behaviour, notably of learning 
capacity (p. xxxix). In the present book (p. 525 ff.) I devoted a 
section to the evolutionary implications of that striking but still 
unexplained epigenetic mechanism controlling the relative size of 
parts in the organism, the growth-gradient or gradient-field: for 
later discussions of this see Reeve and Huxley, 1945; Rcnsch, 

1959a, pp. 135, 292. 

Though De Beer (1958) has abundantly demonstrated diit the 
relation between ontogeny and phylogeny is not the recapitulation 
postulated by Haeckel in his biogenetic law, men like Wadding- 
ton and the other authors I have cited have made it clear that 
epigenetic mechanisms are as highly adapted or teleonomic as 
adult characters, and constitute an essential and often very import- 
ant part of the evolutionary process in all organisms higher than 
bacteria. 

Epigenetics implements genetics and produces the phenotypes 
on which selection acts. It does so by generating increasingly 
complex and adaptive patterns of structure and function: in other 
words, higher degrees of organisation. Organisation, indeed, is a 
primary category of biology still demanding proper definition; 
and its anti-entropic increase, in ontogeny and during evolution, 
constitutes a major problem for the biological sciences, whose 
satisfactory resolution will demand a great deal of hard thinking. 
(See e.g. Waddington, 1957, p. 3 and passim; Huxley, 1962c; 
J. Z. Young, 1950, chap. 32; Sholl, 1956; Blum, 1955, ch. 12; 
Berrill, 1961 ; etc.). 

Although most processes of difftrentiation can best be explained 
without recourse to somatic mutation or other genetic alteration 
(Waddington, 1962), it seems that what we may call sotnatic 
genetics — changes in goietic constitution in somatic tissues — may 
occasionally play a role in epigenetic ontogeny. Thus, in some 
organisms various tissues may come to show various degrees of 
polyploidy, either as a result of abnormal mitotic division or 
through endopolypoidy, when the chromosomes-strands undergo 
intracellular multiplication without nuclear division. Endopoly- 
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poidy is probably widespread in vertebrates, and occurs in all 
insects, diough never in nerve-cells. The best known and most 
striking case is that of the polytene (many-strand) giant chromo- 
somes in the salivary gland tissues of Drosopl^ and other 
Diptera, which may consist of as many as 1,024 “nit chromosomes, 
(he result of 10 replications. (See e.g. White, 1954, 1961 ; King, 
1962). It is not known what phenotypic results are produced. 

Plants and a few animals may show somatic areas with charac- 
teristics due to somatic mutation followed by cell-multiplication 
(see any modem text-book of genetics). Clones of mammalian 
tissues in tissue-culture may eventually mutate and become malig- 
nant; and malignant tissues often show chromosomal irregulari- 
ties of various types (references in Huxley, 1958b). 

The detailed study of zoogeography made by P. J. Darlington 
(1957) brings out a number of interesting evolutionary points. 
However, his conclusions are based on the postulate of continental 
stability. Now that the remarkable researches on paleomagnet- 
ism, summarized by Blackett (i960, 1961), have shown that this 
is no longer tenable, and consequently that Wegener s idea of 
continental drift was basically sound, the whole subject of evolu- 
tion in relation to geographical distribution is in need of re-evalua- 
tion. In particular, we need to know the date, direction and 
distance of drift for different continental blocks. The changes in 
climate which they underwent in the process must have promoted 
many evolutionary changes in dieir animal and plant inhabitants. 

It was not my intention to describe or discuss the historical 
origins or special characteristics of man in detail in this book. 
However, I must just mention the remarkable discoveries of Dart, 
Broom, and especially Leakey, which point strongly to Afnca as 
the continent of man's origin, and to an australopithecoid as his 
immediate ancestor. For detaik, readers should consult works like 
Le Gros Clark’s The Fossil Evidettce of Human Evolution (i95S). *nd 
The Antea-dents of Man (1959) and his chapter in Barnett’s A 
Century of Danvin (1959), Rensch (1959), Dobzhandcy (15162), and 
Mayr (1^3). For a biological characterization of man and the 
process of human subspedatipn and subsequent convergence, see 
c.g. A. Barnett’s The Human Species (1950), Boyd’s Genetics and 
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the Races of Man (1950), Carleton Coon s The Origin of Races 
(1962), Rensch’s Homo Sapiens (i 959 t>). and th® chapter of 
Mayr’s Animal Species and Evolution (1963)- 

Mayr mentions that recent work on primate haemoglobins and 
serum proteins indicates that the homimd (proto4mman) lin^ 
branched off from the African branch of the Pongid line (chim- 
panzees and gorillas) at a comparatively late date, long after this 
had diverged from the Asian branch (orang-utans). He further 
points out that the evolution of hominids provides “an ^most 
classical demonstration of mosaic evolution, with each org^ and 
system of organs showing a difierent rate and pattern of ^olu- 
tionary change. The “most astounding” feature of the procesi was 
the rapid increase in brain-size during the Pleistocene, from 
450^50 cm» in the Australopiths to 1200-1600 cm* in Neanderthal 
and Recent man. This, as Muller has pointed out, must have been 
freihtated by strong selection-pressure during the period when the 
evolving hominids were organized in small groups, whose survival 
depended on a combination ofintelligence, communicative abihty, 
parental care, and altruistic cooperation. As social umts increase 
in size, as improvement in cultural tradition becomes relatively 
more important and dysgenic tendencies begin to operate, and as 
layer brain-size makes birth increasingly difficult, the selection- 
pressure is relaxed, or even partly reversed, and brain-size and 
genetic inteUigence no longer increase. 

Mayr also makes the point that the critical human characteristics, 
on which man’s unique capacity for cumulative cultme depend, 
are “intelligence, inventiveness, imagination, compassion and 
other traits that arc difficult to measure and to compare.” He 
emphasizes that early hominid species, like H. sapiens today, 
must have been highly polytypic, and that the “racial” differences 
between the various geographical subgroups (incipient subspecies) 
arc primarily adaptive: classical racism on the other hand, based 
on false typological thinking, is erroneous. Though individual 
variation is exceptionally high in populations of modem man, it 
appears to be even higher in some of the anthropoids. 

In my original text, I made no attempt to analyse the workings 
of the evolutionary process in die human or psychosocial phase. 
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All I did was to point out diat man was the latest dominant type 
to be evolved, that he owed this position to a combination of 
unique properties, notably bipedahsm, the capacity for coiKeptual 
thought and true (symbolic) speech, for domesticating other 
animals (Zeuner, 1963), and for making adaptive exosomatic 
“organs” like tools, weapons, and machines; that for any further 
progress, conscious purpose based on human values is needed, as 
well as automatic (natural) selection; and that “the new pre- 
dominance of mind that has come with man” marked a critical 
point in evolution. 

Since then there has been considerable further exploration of 
the subject. Its implications are, of course, far-reaching. If a process 
passes a critical point, it enters on a new phase, in which new 
properties emerge and new modes of operation become effective. 
Thus, to take an obvious example, the chemical substance H *0 
has quite different properties in its solid, liquid and gaseous phases. 
In the same sort of way the process of evolution changes its 
character as it passes from the inorganic to the organic and from 
the organic to the psychosocial phase. In each phase it has a dif- 
ferent mechanism of change, operates at a different tempo, and 
produces quite new kinds of results; but it is sdll evolution 
throi^hout. 

One of the most important events of the last 20 years has been 
the recognition that evolution is still at work in the psychosocial 
phase, but operates in new ways; it is not a mere extrapolation 
of biological evolution. During the early part of this century, 
sociologists and social anthropologists strongly resisted the idea 
that evolutionary ideas could be applied to the study of social and 
historical processes. This was a reaction against the undue zeal 
and over-simplification of their late nineteenth century prede- 
cessors, whose concept of evolution was confined to an inevitable 
and unilinear progress from “lower” to “higher” levels or patterns 
of social organisation. 

Now that biologists have shown that biological advance is 
neither inevitable nor unilinear, and that thinkers have been able 
to provide general definitions of evolution more satisfactory than 
those of earlier evolutionary phUosophers like Herbert Spencer 
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or Bei^son, this inhibition has been overcome, and soda! scien- 
tists, often in conjunction with biologists, physicists and |diiloso- 
phers, are b^inning to undertake a serious analysis of the 
exceedingly complex and diiftcult subject of evolution in its human 
or psychosocial phase. A notable advance was made in the sym- . 
posium at the Darwin Centennial at Chicago in 1959, whose 
results were published in The Evolution of Man, Vol. 2 o( Evolution 
after Darwin, Chicago, isX 5 o. Reference should also be made to 
Rcnsch’s Homo Sapiens: vom Tierzum Halhgott (Gottingen, 1959), 
to Dobzhansky {1962), to Waddington’s The Ethical Anbnal 
(London, i960), to Sahlin’s and Service’s Evolution and Ciftture 
(Ann Arbor, 1950), to part 5 of Behaviour and Evolution, edited by 
A. Roc and G. G. Simpson (New Haven, 1958), to Dobzhandcy 
(1962), to Hoagland and Burhoe (1961), and to various essays in 
The Humanist Frame, edited by myself (London and New York, 
1961). 

Certain general conclusions are beginning to emerge. First, 
evolution in the psychosocial phase is primarily cultural, mani- 
fested in cultural change, and only secondarily genetic. Secondly, 
the same three sub-processes seen in biological evolution — clado- 
genesis, anagenesis, and stasigenesis — continue to operate in the 
psychosocial phase, but now with reference to cultures, leading 
respectively to cultural diversity, cultural improvement and 
advance, and cultural stabilisation and persistence. However, a 
fourth sub-process is now increasingly active — diffusion, leading 
to unification and convergence instead of divergence. As I have 
already mentioned, diffusion of genes occurs to a small extent in 
biological evolution, mainly in plants and only between closely 
related forms such as species and genera. But in psychosociaJ 
evolution, cultural diffusion of artefacts, techniques, symbols and 
ideas, as well as physical diffusion by migration, enslavement, and 
intermarriage, is umversal and operates at all levels of cultural 
divergence. 

Organisms possess an evolutionary mechanism for ensuring a 
combination of continuity and change (heredity and variation), in 
the shape of their chromosome-bomc gene-complex. Through 
the operation of natural selection the gene-complex itself evolves. 
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as a id^t of the organism’s vicissitudes in time, so that each 
evolving population of oi^anisms possesses a more or less adap- 
tively integrated (co-adapted) gene-pool on which it draws for 
its futtnre maintenance and evolution; (see Dobzhansky, 1962, 
Mather, 1961, etc.). Man possesses a second (evolutionary) system 
for ensuring a combination of continuity and change by means 
of his mechanism for the cumulative storage and application of 
experience, in the shape of the complex of ideas, bclic6, and 
attendant behaviour included under the general head of tradition, 
which we may call his idea-system for short. Throi^h the opera- 
tion of psychosocial selection, the idea-system itself evolves as a 
result of man’s changing experiences during pre-history and his- 
tory, so that each evolving human population possesses a more or 
less integrated or co-adapted pool of ideas on which it can draw 
for its maintenance and evolutionary requirements. 

Owing to man’s possessing this cumulative mechanism of utiliz- 
ing and storing experience, all the processes of psychosocial 
evolution not only operate at a faster tempo than those of bio- 
logical evolution, but exhibit acceleration, very markedly so in 
recent centuries. 

As in die biological phase, major advance occurs through a 
succession of dominant types or patterns of organisation; however, 
these are organisations not of bodily organs and physiological 
functions but of thoughts and beliefs and associated social and 
cultural patterns — ^in brief, dominant idea-systems. Thus the 
scientific revolution marked the emergence of the scientific idea- 
system as the dominant pattern of human diought, while today 
there are signs that this may soon be succeeded by a humanist system. 

Psychosocial selection, involving some sort of selection between 
competing ideas and values, must operate in die human phase, 
and is clearly very different from natural selection. However, not 
much progress Im been made in its analysis, or in the detailed 
investigation of its results in the actual processes of cultural evolu- 
tion, though pioneering studies like those of Sahlins and Service 
(op.dt.) and of Steward and Shimkin (in Hoagland and Burhoe, 
1961), have opened up a fhiitful methodological approach, and 
are beginning to produce interesting results. 
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Major trends for future psydiosodal progress have bc*i indi- 
cated by various writers, including Rensch (i959). myself (1961, 
1962), and by Teilhard de Chardin in The Phenomenon of Man 
(1959), but a much more detailed and rigorous analysis is neces- 
sary before they become acceptable. On the other hand, increas- 
ingly valuable studies are being made on the past evolution of 
particular psychosocial functions, organs and techniques, such as 
the history of science, comparative religion, art, history, law and 
linguistics.''' Unfortunately, some of the most exhaustive of such 
studies, e.g. of Toynbee on history, arc vitiated through not hav- 
ing adopted an evolutionary approach. Meanwhile, se^rious 
obstacles to psychosocial progress have recently arisen, notebly 
undue concentration on military technology and expenditure, 
over-exploitation of renewable resources, the atomic threat both 
to civilisation and to the human gene-complex, and above all, the 
excessive increase of human population. 

I have left to the end the most important scientific event of our 
times — the discovery by Watson and Crick that the desoxyri- 
bonucleic acids — ^DNA for short — ^are the true physical basis of life, 
and provide the mechanism of heredity and evolution.t Their 
chemical structure, combining two elongated linear sequences in 
a linked double spiral or bihelix, makes them self-reproducing, 
and ensures that they can act as a code, providing an immense 
amount of genetical “information,” together with occasional 
variations of information (mutations) which also reproduce them- 
selves. Linear constructions of DNA arc, of course, the primary 
structures in the genetic organelles we call chromosomes. In some 
primitive organisms there is only a single chromosome, including 
the species’ entire apparatus of DNA (see Chargaff and Davidson, 
1955-1960). 

Specific DNA also plays the key role in determining the specific 
proteins, including enzymes, in living cells, through the inter- 
mediary of specific forms of RNA (ribose nucleic acid). The 
particular DNA code of each species thus provides epigenetic 

* Sce» for example, the brilliant studies of Pisani (1962) on the processes operative in 
the evolution of Indo>Europcan languages. 

f For a brief account, sec Davidson, i960 and for a general discussion, see New 
Uiolog'/, No. 31, Bioloj^icat RepHcationt i960. 
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“insmfctioni” as well as phylogenetic “infonnation.” Mayr (1963) 
makes the same distinction in slightly difierent terms. In Ids 
formulation, the phenomena of ontogeny and physiology arc 
manifestations of the decoding of the information provided by the 
genotypic DNA, while those of evolutionary change are the result 
of the provision of ever-new codes of genetic information. 

It may well prove that DNA structure has the further intrinsic 
property of ensiuring recombination of mutants by interchar^ 
between separate homologous sections of DNA (chromosomes). 
Even if this essentially sexual process were not intrinsic ab origine, it 
confers such a high degree of evolutionary advantage that it must 
have been incorporated into the stream of Ufe very early in its 
evolution. As a result (contrary to the views stated on p. 13 1 of 
the original text of this book), some form of sexual or para- 
sexual interchange process between chromosome-like bodies is 
foimd even among the most primitive types of organisms, includ- 
ing even blue-green algae (Kumar, 1962) and viruses (see below). 

Thanks to a combination of electron microscopy, chemical 
study and genetic analysis, there has been a notable advance in our 
knowledge of the structure and behaviour of viruses. Viruses con- 
sist either of DNA or RNA, and act so as to deviate their host’s 
metabolic processes to their own advantage, in a number of cases 
causing cancer in doing so. 

Different viruses may interact, both genetically and non- 
genetically (Fenner, 1962). Some viruses may even temporarily 
become part of the genetic outfit of their host, re-emerging as 
parasites in response to certain stimuU. This is notably so with 
the so-called temperate phage parasites of bacteria, where the 
phage (prophage) particle is attached to, or perhaps partly replaces, 
a single bacterial gene, which then may be transferred to another 
host by so-called tramduction. Some bacteria may undergo trans- 
formation, by DNA from other bacterial strains; particles of puri- 
fied DNA may, it appears, even replace existing alleles in the 
bacterium’s gene-complex. 

In other cases the virus or other parasite acts as a permanent or 
temporary plasmagene: c.g. the COj-sensitivity virus in Droso- 
pliila (see I’Heriticr, 1962) or the Kappa particle in Paramecium 
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(sec Beale, 1954). However, though such £icts are of great 'genetic 
interest, and shed light on early types of organisation in living 
systems, their main evolutionary implication seems to be that 
they make certain new forms of symbiosis possible. (For microl^ 
genetics, parasexual processes, viruses, transduction and trans- 
formation, sec Jacob and WoUman, 1961; Catcheside, 1951; 
Braun, 1953; Pontccorvo, 1959 and 1963; Hayes and Clowes, 
i960; Burnet, i960; Burnet and Stanley, i960; Fenner, 1962; K. 
Smith, 1962; Huxley, 1958b; Lederberg, 1957). 

I did not mention cancer in the original text. Today we know 
a good deal about its manifestation in different types of planfs 
and animals. The impUcadons of the facts, notably the mayked 
differences in manifestation between related groups, are (^ften 
puzzling, and demand detailed exploration. One problem which 
should be carefully investigated is the following. It is known that 
the time to first cancer after appUcation of carcinogens is broadly 
correlated with the size of the experimental animal. The question 
is whether rate of development of carcinogenctically induced 
tumours to first manifestation is correlated with the animal’s rate 
of development and growth, or with its longevity. Experiments 
with small birds and mammals should give the answer: rh f^ i r rates 
of development arc similar, but the birds’ longevity is much 
greater. 

One thing appears certain — that cancer is a blanket term cover- 
ing a wide range of abnormal growths, and that cancerous condi- 
tions may arise as a result of genetic imbalance, of virus infection, 
of carcinogenic treatment, chemical and physical, and apparently 
of some sort of somatic mutation, even in tissue-culture. It appears 
possible that in vertebrates abnormal growth is normally inhibited 
by some substance produced by the various tissues of the body. 
In some arthropods, the inhibitory control seems to be exerted 
via the nervous system. (For a brief sumnury from the biological 
angle, sec Huxley, 1958b; also Burnet, 1959). 

The various properties of DNA which I have mentioned make 
evolution inevitable. The existence of an elaborate self-reproduc- 
mg code of gcnetical information ensures continuity and speci- 
ficity; the intrinsic capacity for mutation provides variability; the 
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capacity for self-reproduction ensures potentially geometric 
increase and diereforc a struggle for existence; the existence of 
genetic variability ensures differential survival of variants and 
dierefore natural selection; and this results in evolutiemary trans- 
formation. 

Our detailed kno-wledge of the constitution and operation of 
DNA and RNA will help in the unravelling of many particular 
genetic-evolutionary problems. Among these may be mentioned 
the relation of genes to developmental processes, the interaction 
of different genes, and the relations of genes to immtmology via 
antigens and antibodies. Light is already being shed on the fine 
structure of genes, which are proving to be far more complex 
than was originally supposed (see Pontecorvo 1959). 

It would also seem certain that more detailed knowledge bout 
DNA will give us fuller understanding of mutation and the •wiys 
in which it depends on chemical structure, with the eventual 
possibility of influencing the type and direction of mutation by 
artificial means. In general, however, the discovery of DNA and 
its properties has not led to important new developments or signi- 
ficant modifications in evolutionary theory or m our imderstand- 
ing of the course of biological evolution. What it has done is to 
reveal the physical basis underlying the evolutionary mechanisms 
which Darwin’s genius deduced must be operative in nature, and 
to open up new possibiUties of detailed genetic analysis and of 
experimental control of the genetic-evolutionary process. The 
edifice of evolutionary theory is still essentially Darwinian after 
the incorporation of all our new knowledge of mendelian (parti- 
culate) genetics; it -will remain so long after the incorporation of 
our knowledge of its detailed chemical basis. 
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1. The theory of natural selection jp. 13 

2. The nature of variation p, ij 

3. The eclipse of Darwinism * . p. 22 


I. THE THEORY OF NATURAL SELECTION 

Evoludon may lay cbdm to be cotmdercd the most central and 
the most important of the problems of biology. For an attack 
upon it we need facts and methods from every branch of the 
science — ecology, genetics, paleontology, geographical distri- 
bution, embryology, systematics, comparative anatomy— not to 
mention reinforcements from other disciplines such as geology, 
geography, and mathematics. 

Biology at the present time is embarking upon a phase of 
synthesis after a period in which new disciplines were taken up 
in turn and worked out in comparative isolation. Nowhere is this 
movement towards uniheation more hkely to be valuable than 
in this many-sided topic of evolution; and already we are seeing 
the first-fruits in the re-anirhation of Darwinism. 

By Daiwinism 1 imply that blend of induction and deduction 
which Darwin was the first to apply to the study of evolution. 
He was concerned both to establish the fact of evolutioi\ and to 
discover the mechanism by which it operated; and it was precisely 
because he attacked both aspects of die problem simultaneously, 
that he was so successful.* On the one hand he amassed enormous 
quantities of facts from which inductions concerning the evolu- 
tionary process could be drawn; and cm the other, starting from 
a few general principles, he deduced the further principle of 
natural selection. 

* This method is not, as has sometimes been asaeited, a drcular argument. 
Sec discussion in Huxley, 19386. 
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It is as well to remember the strong dbJuctive elen^t in 
Darwinism. Darwin based his theory of natural selection on tJirec 
observable facts of nature and two deductions from them. Tlw 
first fact is the tendency of all organisms to increase in a geo- 
metrical ratio. The tendency of all organisms to increase is due 
to the fact that offiipring, in the early stages of their existence, a*e 
always more numerous than their parents; this holds good whedwr 
reproduction is sexual or asexual, by fission or by buddmg, by 
means of seeds, spores, or eggs.* The second fact is diat, i|^ spite 
of this tendency to progr^ive increase, the numbers of a ^ given 
species actually remain more or less constant. 

The first deduction follows. From these two facts he deduced 
the struggle for existence. For since more young are produced 
than can survive, there must be competition for survival. Ih 
amphfying his theory, he extended the concept of the struggle 
for existence to cover reproduction. The struggle is in point of 
fact for survival of the stock; if its survival is aided by greater 
fertihty, an earlier breeding season, or other reproductive fimetion, 
these should be included under the same head. 

Darwin’s third fact of nature was variation: all organisms vary 
appreciably.- And the second and final deduction, which he 
deduced from the first deduction and the third fact, was Natiural 
Selection. Since there is a struggle for existence among indi- 
viduals, and since these individuak are not aU |^e, some of the 
variations among them will be advantageousin the strug^ for 
survival, others unfavourable. Consequently, ahig^ proportion 
of individuals with favourable variations will . on the average 
survive, a higher proportion of ^osc with unfavourable vari- 
ations will die or fail to reproduce themselves. An<i.sincc a great 
deal of variation is transmitted by heredity, these e&cts of 
differential survival will in large measure accundulate f.om 
generation to generation. Thus natural selection will act con- 
stantly to improve and to maintain the adjustment of animah 
and plants to their surroundings and their way of life. 

A few comments on these points in the Iq^ of thfe historical 

* The only exception, so far as I am aware, isTo be found in certain human 
populations which fall far short of replacing themselves. 
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devdopoxoc of biology since Darwin’s day will clarify both his 
stateme n t of die theory and the modem position in regard to it. 

His first fact has remained unquestioned. All organisms possess 
the po t e n ti a li t y of geometric increase. We had better perhaps say 
huKose of geometric type, since the ratio of ofi&pting to parents may 
Vary considerd^ly fiom place to place, and from season to season. 
In ^ cases, however, the tendency or potentiality is not merely 
to a prc^ressive increase, but to a multiplicative and not to an 
additive increase. 

Equally unquestioned is his second fact, the general constancy 
of numbers of any species. As he himself was careful to point out, 
the constancy is only approximate. At any one time, there will 
always be some species dut are increasing in their numbers, 
others that ate decreasii^. But even when a species is increasing, 
the actual increase is never as great as the potential: some young 
will fidi to survive. Again, with our much greater knowledge 
of ecology, we know to-day that many species undergo cyclical 
and often remarkably regular fluctuations, frequendy of very 
large extent, in their numbers (see p. no Elton, 1927). But this 
fact, although it has certain interesting evolutionary consequences, 
does not invalidate the general principle. 

The first two facts beit^ accepted, die deduedon from them 
also holds: a stru^le for existence, or better, a straggle for 
survival, must occur. 

The difficulties of the further bases of the theory are greater, 
and it is here that the miyor criddsms have fallen. In the first 
place, Darwin assumed that the bulk of variadons were inherit- 
able. He expressly stated that any whidi were not inheritable 
would be iraelevant to the discussion; but he continued in die 
aNumpdon that those which are inheritable provide an adequate 
reservoir ofpotendsd improvement.* 

As Ihddanc (1938, p. 107} has pointed out, the decreased 
intetest in England in phuu-breeding, caused by the repeal of the 

* Or^ ^ S^mks (6th ed., one voL ed., p. 9): . . any variation which is 

not inhaiied u unin^rtaot to tis. Bat dw nnmbei and divenity of inheriubk' 
devktkmi of stnictute, both diote of likht and those of ctnistdenible physio- 
k^earih^GOtanoe, are endleis. No bteed» doubts how stroi^ is the tendency 
to udneritince; dsat fike produces 13te it lut fundamental beUdf” And so oa. 
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Com Laws, led Darwin to take most of his evUatce from 
animal-breeders. This was mtdi more obscure than what the 
plant-breeders in France had obtained: in fact Vilmorin, before 
Darwin wrote, had fully established the roks of heritable and 
non-heritable variation in wheat. 

Thus in Darwin’s time, and still more in England than in 
France, the subject of inheritance was still very obscure. In any 
case the basic laws of heredity, or, as we should now say, the 
principles of genetics, had not yet emerged. In a full formt^don 
of the theory of Natural Selection, we should have to l^d a 
further fact and a further deduction. We should begin, as he did, 
with the fact of variation, and deduce from it and our previous 
deduction of the struggle for existence ' that there must be a 
differential survival of difierent types of offspring in each genera- 
tion. We should then proceed to the fact of inheritance. Some 
variation is inherited: and that fraaion will be available for trans- 
mission to later generations. Thus our final deduction is that the 
result wdl be a differential transmission of inherited variation. 
The term Natural Selection is thus seen to have two rather 
different meanings. In a broad sense it covers all cases .of dificr- 
ential siuvival: but from the evolutionary point of view it covers 
only the differential transmission of inheritable variations. 

Mendelian analysis has revealed the further fact, unsuspected 
by Darwin, that recombination of existing genetic units may 
both produce and modify new inheritable variations. And this, 
as we shall see later, has important evolutionary consequences. 

Although both the principle of differential survival and that of 
its evolutionary accumulation by Natural Selection were for 
Darwin essentially deductiotu, it is important to realize that, if 
true, they are also facts of nature capable of verification by observ- 
ation and experiment. And in point of fact differential mortality, 
differential survival, and differential multiplication among 
variants of the same species are now known in numerous cases. 

Tire criticism, however, was early made that a great deal of 
the niortahty found in nature appeared to be accidental and non- 
selectiye. This would hold for the destruction of the great 
majority of eggs and larvae of prolific marine animals, or the 
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dealb of seeds wiudi fell on stony ground or other nnm it aMe 
halntats. It remains true diat vrt require many more quantitative 
experiments on the subject before we can know accurately the 
extent of non-selective elimination. Even a very large p^centage 
of such elimination, however, in no way invalidates the selection 
principle from holdii^ for the remainii^ fraction (see p. 467). 
The very fact that it is accidental and non>selective ensures that 
the residue shall be a random sample, and will therefore contain 
any variation of selective value in the same proportions as the 
whole population. It is, I think, fair to say that the fact of differ- 
ential survival of different variations is generally accepted, 
although it still requires much darifreadon, espeddly on the 
quantitative side. In other words, tutural selection within the 
bounds of the single generadem is an aedve factor in biology. 

2. THE NATURB OF VARIATION 

The really important criddsms have frUen upon Natural Selecdon 
as an evoliuionary principle, and have centred round the nature 
of inheritable variadon. 

Darwin, though his views on the subject did not remain 
constant, was always inclined to allow some weight to Lamarckian 
principles, according to which the effects of use and disuse and 
of environmental influences were supposed to be in some degree 
inherited. However, later work has steadily reduced the scope 
that can be allowed to such agencies: Weismann drew a sharp 
distinedon between soma and germplasm, between the individual 
body which was not concerned in reproduedon, and the heredi- 
tary consdtudon contained in the germ-cells, which alone was 
transmitted in heredity. Purely somadc efiects, accordii^ to him, 
could not be passed on: the sole inheritable variadons were 
variadons in the hereditary consdtudon. 

Although the distinedon between soma and germplasm is not 
always so sharp as Weismann supposed, and although the principle 
of Baldwin and Lloyd Mevgan, usually called Organic i^lecdon, 
shows how Lamarckism may be simulated by the later replace- 
ment of adsqidvB modifleadons by adaptive muuuiom, Weis- 
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tnaon’s conoepdoiis resulted in a great darification of die position. 
It is owing to him that we to-day classify variadons into two 
fundamentally distinct categories — ^modificadons and mutadons 
(together wiA new arrangements of mutadons, or recombina- 
dons; see below, p. 20). Modifications are produced by altera- 
tions in the environment (including modifications of the internal 
environment such as arc broi^ht about by use and disuse), 
mutadons by alterations in the substance of the hereditary 
constitution. The distinction may be put in a rather di&re^( but 
perhaps more illuminatii^ way. Variation is a study of the diflfer- 
ences between organisms. On analysis, these differences may turn 
out to be due to difierences in environment (as with an etiolated 
plant growing in a cellar as i^ainst a green one in li^t; or a inn- 
tanned sailor as against a pale slum-dweller); or they may turn 
out to be due to difierences in hereditary constitution (as between 
an albino and a green seedling in the same plot, or a negro and 
a white man in the same dty); or of course to a simultaneous 
difference both in environment and in constitution (as with the 
difiference in stature between an undernourished pigmy and a 
well-nourished negro). Furthermore, only the second are inherited. 
We speak of them as genetic differences: at their first origin 
they appear to be due to mutations in the hereditary constitution. 
The former we call modifications, and are not inheritable. 

The important faa is that only experiment can decide between 
the two. Both in nature and in the laboratory, <me of two indis- 
tinguishable variants may turn out to be due to environment, the 
other to genetic peculiarity. A particular shade of human com- 
plexion may be doe to genetic constitution making for fair 
complexion plus considerable exposure to the sun, or to a genetio 
ally dark completion plus very little tsmning: and simi^ly for 
stature, intelligence, and many other characten. 

This leads to a further important conclusion: characters as 
such are not and cannot be inherited. For a character is always tiie 
joint product of a particular genetic composition and a particular 
set of environmental circumstances. Some characters are much 
more stable in regard to the normal range of environmental 
vari^on tiian arc others — for instance, human eye-colour" or 
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hair^bnn as against skiiKolour or weight. Bat diese too are in 
principle simiW. Alter the envirtmment of riieeml»yo sufficiently, 
and eyeless monsters with markedly changed bcainrdevclopment 
are produced. 

In the early days of Mendelian research, phrases such as “in 
fowls, the cWacter rose-comb is inherited as a Mendelian 
dominant” were current. So long as mch phrases are recognized 
as mere convenient shorthand, they ate harmless; but when they 
are taken to imply die actual genetic transmission of the characters, 
they are wholly incorrect. 

Even as shorthand, they may mislead. To say that rose-comb 
is inherited as a dominant, even if we know that we mean the 
genetic factor for rose-comb, is likely to kad to what I may call 
the one-to-one or billiard-ball view of genetics. There ate assumed 
to be a large number of characters in the organism, each one 
represented in a more or less invariable way by a particular factor 
or gene, or a combination of a few factors. This crude particulate 
view is a mere restatement of the preformation theory of develop- 
ment: granted the rose-comb factor, the rose-comb character, 
nice and clear-cut, will always appear. The rose-comb factor, it is 
true, is not regarded as a sub-microscopic replica of the actual 
rose-comb, but is taken to represent it by some form of unanalysed 
but inevitable correspondence. . 

The fallacy in this view is s^ain revealed by the use of the 
di£&rence method. In asserting that rose-comb is a dominant 
character, we are merely stating in a too abbreviated (oxm the 
results of experiments to determine what constitates die differoice 
between fowls with rose-combs and fowls with sin^ combs. 
In reality, what is inherited as a Mendelian dominant is die gnte 
in the rose-combed stock which diffinraidates it from the single- 
combed stock: we have no right to assert anydiing more as a 
result of our experiments than the existence of such a differential 
factor. 

Actually, every character is dependent on a very lai^ numbor 
(possibly sJl) o^ tite genes in ^ hereditary ccHistitutkm: but 
some of di^ genes exert marked dffiferendal effects upon the 
visible appearance. Both rose- and single-comb fovds contain all 
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die gooes needed to build up a full-sized comb: but *‘rose” genes 
build it up according to one growth-pattern, "single" genes 
according to another. 

This principle is of great importance. For instance, up till very 
recendy the diief data in human genetics have been ped^rees of 
abnormalities or diseases collected by medical men. And in 
collecting these data, medical men have usually been obsessed 
with the implications of the ideas of “character-inheritance”. 
When the character has not appeared in orthodox and 
Mendelian fashion they have tended to dismiss it with som^ such 
phrase as “inheritance irregular”, whereas further analysis ^ght 
have shown a perfeedy normal inheritance of the gene conce^d, 
but an irregular expression of the character, dependent on the other 
genes with which it was associated and upon differences in 
environment (see discussion in Hogben, 1933). 

This leads on to a further and very vit^ fact, namely, the 
existence of a type of genetic process undreamt of until the 
Mendelian epoch. In Darwin's day biological inheritance meant 
the reappearance of similar characters in ofispring and parent, and 
implied the physical transmission of some material basis for die 
characters. What would Darwin or any nineteenth-century 
biologist say to facts such as the following, which now form part 
of any elementary course in genetics i A black and an albino mouse 
are mated. All their ofi&pring are grey, like wild mice: but in the 
second generation greys, blacks, and albinos appear in the ratio 
9-3 • 4 - Or ^ain, fowls with rose-comb and pea-comb mated 
together produce nothing but socalled wabut combs: but in the 
next generation, in addition to wabut, rose, and pea, some single 
combs arc produced. 

To dte biol(^;ist of the Darwinian period the production of the 
grey mice would have been not inheritance, but “reversion” to 
tb wild type, and the reappearance of the blacks and wbtes m 
the next ^^ation would have been “atavism” or “skipping a 
generation”. Similarly the appearance of sbglc combs b the fowl 
aoss woi^ have been described as reversion, while the pro- 
uction o walnut combs would have been regarded as some 
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In cddity, the results ate in both cases immediately eiqplicable 
on the assumption of two pain of genes, each transmitted horn 
parent to offspring by the same fundamental genetic mechanism. 
The “reversions*’, “atavisms”, and “sports” arc all due to new 
combinations of old genes. Thus, although all the facts are in one 
sense phenomena of inheritance, it is legitimate and in some ways 
desirable to distinguish those in wi^ die same characten 
reappear generation after generation from those in which new 
characters are generated. As Haldane has put it, modem genetics 
deals not only with inheritance, but with recombination. 

Thus the raw material available for evolution by natural selec- 
tion falls into two categories — ^mutation and recombination. 
Mutation is the only begetter of intrinsic change in the separate 
units of the hereditary constitution: it alters the nature of genes.* 

Recombination, on the other hand, thoi^h it may produce 
quite new combinations with quite new effects on characters, 
only juggles with existing genes. It is, however, almost as impor- 
tant for evolution. It cannot occur without sexual reproduction: 
and its importance m providing the possibihty of speedily com- 
bining several favourable mutations doubtless accounts for the 
all-but-universal presence of the sexual process in the life-cycle 
or organisms. We shall in later chapters see its importance for 
adjusting mutations to the needs of die organism. 

Darwinism to-day thus still contains an element of deduction, 
and is none the worse for that as a scientific theory. But the facts 
available in relation to it are both mote precise andmotenumerous, 
with the result diat we are able to dieck our deductions and 
to make quantitative prophecies with much greater fullness than 
was possible to Darwin. This has been espedally notable as 
regards the mathematical treatment of the problem, which we 
owe to R. A. Fisher, J. B. S. Haldane, Sewall Wright, and others. 
We can now take mutation-rates and degrees of advantage of one 

♦ Strictly speaking, this applies only to gene-mutation. Chromosomo-muta- 
tion, whether it zdds or subtracts dwomosome-sets, whole chromosomes, or 
parts of chromosomes, or inverts sections of chromosomes, merely provides 
new quantitative or positional combinations of old genes. However, chromo- 
some-mutation may alter the effects of genes. Hius we arc covered if we say that 
mutation alters either the qualitative nature or the effective action (including 
the mode of transmission) of the hereditary constitution. 
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mutaticai or combination over another, i^iich are viriihin tbe 
limits actually found in genetic experiments, and can cakulate 
die rates of evolution which will then occur. 

If mutation had a rate that was very high it would neutralize 
or ovcrnride selective e€Sxts: if cme that was very low, it would 
not provide sufficient raw material for change; if it were not 
more or less at random in many directions, evolution would run 
in orthogenetic grooves. But mutation being in point of fact 
chiefly at random, and the mutadon-r^ being always mod^ately 
low, wc can deduce that the struggle for existence will be 
cflecdve in producing diflerendal survival and evolutionary 
change. 


3. the bcupsb of DARWhnSM 

The death of Darwinism has been prodaimed not only from the 
pulpit, but from die biological laboratory; but, as in the case of 
Mark Twain, the reports seem to have been gready exj^erated, 
since to-day Darwinism is very much alive. 

The reaction i^ainst Darwinism set in during the nineties of 
last century. The youi^r zoologists of that time were discon- 
tented with the trends of their science. The major school still 
seemed to think diat the sole aim of zoology was to elucidate die 
relationship of the larger groups. Had not Kovalevsky demon- 
strated the vertebrate affiffities of the sea-squirts, and did not 
comparative embryology prove die common ancestry of groups 
so unlike as worms and molluscs; Intoxicated with such earlier 
successes of evolutionary phylogeny, they proceeded (like some 
Forestry Commission of science) to plant wildernesses of family 
trees over the beauty-spots of biology. 

A related school, a litde less prone to speculation, concentrated 
on the pursuit of comparative morphology within groups. This 
provides one of the most admirable of intellectual trainings for 
the student, and has yielded extremely important results for 
science. But if pursued too exclusively for its own sa^, it leads, 
as Raffi has pithily put it in his ITtstory of Bhkgkd Thmks, to 
spemhi^ one’s time comparing one dtii^ with another without 
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ever tarout^ng about what either of them really is. In other words, 
zoology, becoming morphological, suffered divorce from physi- 
ology. And finally Darwinism itself grew mote and more 
tlieoieficai. The paper dcm<»utraticHi that such and such a 
cliaracter was or might be adaptive was regarded by many wriien 
as suificiciit proof that it must owe its origin to Natural Election. 
Evolutionary studies became more and more merely case-books 
of real or supposed adaptatioru. Late ninctccntli-ccntury Darwin> 
ism came to resemble the early nineteenth-century ^hool of 
Natural Tlreology. Paley reditnvus, one might say, but pliilo- 
sopliically upside down, with Natural Selection instead of a 
Divine Artificer as the Deus ex machina. Ihere was little contact 
of evolutionary speculation with the concrete facts of cytology 
and heredity, or with actual experimentation. 

A major symptom of revolt was the publication of William 
Bateson’s Materids for the Study of Variation in 1894. Bateson had 
done valuable work on the embryology of Balanoglossus] but his 
sceptical and concrete mind found it distasteful to spend itself on 
speculations on the ancestry of the vertebrates, which was then 
reg.'irded as the outstanding topic of evolution, and he turned to 
a task which, however different it might seem, he rightly regarded 
as piercing nearer to the heart of the evolutionary problems. 
DcUbcratcly he gathered evidence 'of variation whiclr was dis- 
continuous, as opposed to the ctmtinuous variation postidated by 
Darwin and Wcisinann. The resultant volume of material, though 
its gadiering mi§^t fairly be called biased, was impressive in 
quantity and range, and deeply impressed die mote active ^rits 
in biology. It was the first symptom of what we iiuy call the 
period of mutation theory, wUch postulated that large mutations, 
and not small “continuous variations”, were the raw material of 
evolmion, and actually determined most of its course, sdcction 
being relegated to a whoUy subordinate potition. 

This was first formally promulgated by dc Vries (1901, 1905) 
as a result of liis work with the evening primroses, Oenothera^ 
and was later adopted by various other workers, notddy T. H. 
Morgan, in liis 1^ gcuetical {^use. The views of the early 
twentiedi-century ^neticists, moreover, were cotouied by the 
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tediscoveiy of Mendel’s laws by Correns, dc Vries, and Tscher- 
mak in the spring of 1900, and the tapid generalization of them, 
notably by Bateson. 

Naturally, the early Mendehans worked with dear-cut di&r- 
ences of large extent. As it became clearer that meiidelian inheri- 
tance was universal, it was natural to suppose all mendelian 
iactors produced large effects, that therefore mutation was sharp 
md discontinuous, and diat the cemtinuous variation which is 
obviously widespread in nature is not heritable. j ' 

Bateson did not hesitate to draw the most devastaring condu- 
sions from his reading of the mendelian facts. In his Pimidential 
Address to the British Association in 1914, assuming l^t that 
change in the germplasm is always by large mutation and 
secondly that all mutation is loss, from a dominant something to 
A recessive nothing, he conduded that the whole of evolution is 
merely an unpacking. The hypothetical ancestral amoeba con- 
tained — ^actually and not just potentially — ^tlie entire complex of 
life’s hereditary faaors. Tlic jettisonii^ of different portions of 
this complex released the potentialities of this, that, and the other 
group and form of life. Sdecticui and adaptation were relegated 
to an unconsidered background. 

Meanwhile the true-blue Darwinian stream, leaving Weis- 
mannism behind, had readied its biometric phase. Tracing its 
origin to Galton, biometry blossomed under the guidance of 
Karl Pcanon and Weldon. Unfortunately this, the first thorough 
appheation of mathematics to evolution, though productive of 
many important results and leading to still more important 
advances in method, was for a considerable time rendered sterile 
by its refusal to acknowledge the genetic facts discovered by the 
Mendelians. Both sides, indeed, were to blame. The biometridans 
stuck to hypothetical modes of inheritance and genetic variation 
on which to exercise their mathematical skill; tlK Mendelians 
refused to acknowledge that continuous variation could be 
genetic, or at any rate dependent on genes, or that a mathematical 
theory of selection could be of any real service to tlic evolutionary 
biologist. 

It was in this period, immediately prior to the war, that the 
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legend of the death of Darwinism acquired currency. The &cts 
of mcndclism appeared to contradict the facts of paleontology, 
the theories of the mutadonists would not square with the 
Weismannian views of adaptadon, the discoveries of experi- 
mental embryology seemed to contradict the classical recapitu- 
latory theories of development. Zoologists who dui^ to 
Darwinian views were looked down on by the devotees of the 
newer disciplines, whether cytology or genetics, Entwicklungs- 
mechanik or comparadve physiology, as old-fashioned dieorizcrs; 
and the theological and philosophical andpathy to Darwin’s 
great mechanistic generalizadon could once more raise its head 
without fearing too violent a knock. 

But the old-fashioned selecdonists were guided by a sound 
instinct. The opposing facdons became reconciled as the younger 
branches of biology achieved a synthesis with each odier and 
with the classical disciplines: and the recondliadon converged 
upon a Darwinian centre. 

It speedily became apparent that inendelism applied to the 
heredity of all many-celled and many single-ceUed organisms, 
both animals and plants. The mcndelian laws received a simple 
and general interpretadon: they were due in die first place to 
inheritance beii^ pardculate, and in the second place to the 
pardcles being borne on the chromosomes, whose behaviour 
could be observed under the microscope Many apparent excep- 
tions to mcndelian rules turned out to be due to aberrations of 
chromosome-behaviour. Segregadon and recombinadon, the 
fundamental mcndelian facts, arc all but universal, being co- 
extensive with sexual reproduedon; and mutadon, the further 
corollary of the pardculate theory of heredity, was found to occur 
even more widely, in somatic tissues and in parthenogenedc 
and sexually-reproducing strains as well as in the germtrack of 
bisexual species. Blending inheritance as originally conceived was 
shovm not to occur, and cytoplasmic inheritance to play an 
extremely subsidiary role. 

The Mendelians also found that mutations could be of any 
extent, and accordingly that apparently continuous as well as 
obviously discontinuous variation had to be uken into account 
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in discussing heredity and evolution. The mathematicians found 
that biometric methods could be applied to neo-meudelian 
postulates, and tlien become doubly fruitful. Cytology became 
intimately hnked with genetics. Experimental embryology and 
the study of growth illuminated heredity, recapitulation, and 
paleontology. Ecology and systematics provided new data and 
new methods of approach to the evolutionary problem. Selec- 
tion, both in nature and in the laboratory, was studied quanti- 
tatively and experimentally. Mathematical analysis showed i Aat 
only particulate inheritance would permit evolutionary change: 
blending inheritance, as postulated by Darwin, was shown\ by 
R. A. Fisher (19304) to demand mutation-rates enormodsly 
higher than those actually found to occur. Thus, though it may 
still be true in a formal sense that, as such an eminent geneticist 
as Miss E. R. Saunders said at the British Association meeting 
in 1920, “Mendelism is a theory of heredity: it is not a theory of 
evolution”, yet the assertion is purely formal. Mendelism is now 
seen as an essential part of the theory of evolution. Mendelian 
analysis does not merely explain the distributive hereditary 
mechanism: it also, together with selection, explains the pro- 
gressive mechanism of evolution. 

Biology in the last twenty years, after a period in which new 
disciplines were taken up in turn and worked out in comparative 
isolation, has become a more unified science. It has embarked 
upon a period of synthesis, until to-day it no longer presents the 
spectacle of a number of semi-independent and largely contra- 
dictory sub-sciences, but is coming to rival the unity of older 
sciences like physics, in which advance in any one branch leads 
almost at once to advance in all other fields, and theory and 
experiment march hand-in-hand. As one chief result, there has 
been a rebirth of Darwinism. The historical facts concerning this 
trend arc summarized by Shull ih a recent book (1936). It is 
noteworthy that T. H. Morgan, after having been one of the 
most extreme critics of selectionist doctrine, has recently, as a 
result of modem work in genetics (to which he has himself so 
largely contributed), again become an upholder of the Darwinian 
point of view (T. H. Morgan, 1925, and later writings); while 
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his younger colleagues, notably Muller and Sturtevant, are 
strongly selectionist in their evolutionary views. 

The Darwinism thus reborn is a mo^ed Darwinism, since it 
must operate with facts unknown to Darwin; but it is still 
Darwinism in the sense that it aims at giving a naturalistic inter- 
pretation of evolution, and that its upholders, while comtantly 
striving for more facts and more experimental results, do not, 
like some cautious spirits, reject the method of deduction. 

Hogben (1931, p. 145 seq.) disagrees with this conclusion. He 
accepts the findings of neo-Mendclism and the mathematical 
conclusions to be drawn from them; but, to use his own words, 
“the essential difference between the theory of natural selection 
cxpoimded by such contemporary writers as J. B. S. Haldane, 
Sewall Wright, and R. A. Fisher, as contrasted with that of 
Darwin, resides in the fact that Darwin interpreted the process of 
artificial selection in terms of a theory of ‘blending inheritance’ 
universally accepted by his own generation, whereas the modern 
view is based on the Theory of Particulate Inheritance. The 
consequences of the two views are very different. According to 
the Darwinian doctrine, evolution is an essentially continuous 
process, and selection is essentially creative in the sense that no 
change would occur if selection were removed. According to the 
modem doctrine, evolution is discontinuous. The differentiation 
of varieties or species may suffer periods of stagnation. Selection 
is a destructive agency.” 

Accordingly, Hogben would entirely repudiate the title, of 
Darwinism for the modem outlook, and would prefer to sec the 
term Natural Selection replaced by another to mark the new 
connotations it has acquired, although on this latter point he is 
prepared to admit the convenience of retention. 

These objections, coming from a biologist of Hogben’s calibre, 
must carry weight. On the other hand we slull see reason in 
later chapters for finding them ungrounded. In the first place, 
evolution, as revealed in fossil trends, is “an essentially continuous 
process”. The building-blocks of evolution, in the shape of 
mutations, are, to be sure, discrete quanta of change. But firstly, 
the majority of them (and the very great majority of those which 
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survive to become incorporated in the ^netic constitution of 
living diings) appear to be of small extent; secondly, the effect 
of a given mutation will be difierent accordii^ to ^ combina- 
tions of modifying genes present (pp. 68 seq.); and thirdly, its 
effect may be masked or modified by environmental modifi- 
cation. The net result will be that, for all practical purposes, most 
of the variability of a species at any given moment will be 
continuous, however accurate are the measurements made; and 
that most evolutionary change will be gradual, to be de|;ected 
by a progressive shifting of a mean value from generatipn to 
generation. 

In the second place, the sutement that selection is a destructive 
agency is not true, if it is meant to imply that it is merely destruc- 
tive. It is also directive, and because it is directive, it has a share 
in evolutionary creation. Neither mutation nor selection alone 
is creative of anything important in evolution; but the two in 
conjunction arc creative (p. 475). 

Hogben is perfectly right in stressing the fact of the important 
differences in content and implication between the Darwinism 
of Darwin or Weismann and that of Fisher or Haldane. We may, 
however, reflect that the term atom is still in current use and the 
atomic theory not yet rejected by physicists, in spite of the 
supposedly indivisible units having been divided. Tliis is because 
modem physicists stiU find that the particles called atoms by their 
predecesson do play an important role, even if they are compound 
and do occasionally lose or gain particles and even change their 
namre. If this is so, biologists may with a good heart continue to 
be Darwinians and to employ the term Natural Selection, even 
if Darwin knew nothing of mendelizing mutations, and if 
selection is by itself incapable of changing the constitution of a 
species or a line.* 

It is with this reborn Darwinism, this mutated phoenix risen 
from the ashes of the pyre kindled by men so unlike as Bateson 
and Bergson, that I propose to deal in succeeding chapters. 

♦ It should be added that Hogbon was in 1931 concerned to stress mutation- 
pressure a.s an agency of change — than a new and not generally accepted 
conception. Since then he has allowed much more weight to the joint role 
of selection and mutation in producing adaptive change (see Hogben 1940). 
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I. THE HETEROGENEITY OF EVOLUTION 

With the reorientation made possible by modem genetics, evo- 
lution is seen to be a joint product of mutation, recombination, 
and selection. Contrary to the views of the Weismann school, 
selection alone has been shown to be incapable of extending the 
upper limit of variation, and therefore incapable by itself of 
causit^ evolutionary change. Contrary to the views of the more 
extreme mutationists and the beUevers in orthogenesis, mutation 
alone has been shown to be incapable of producing directional 
change, or of overriding selective e£[ects. The two processes are 
complementary. Their interplay is as indispensable to evolution 
as is that of hydrogen and oxygen to water. And, as we shall 
see in detail later, the third process, of recombination, is ahnost 
equally essential, not only for conferring plasticity on the species 
and allowing for a sufficient speed of evolutionary change, but 
also for adjusting the effects of mutations to the needs of the 
organism. 

In this book I shall endeavour to analyse some of the main 
types of evolutionary change in terms of this dual responsibility, 
and then to disentangle the various main roles (for they arc 
numerous and diverse) of selection. This analysis will lead finally 
to a discussion of the problem of evolutionary progress— whether 
any such process exists, whether it is exphcablc on selectionist 



30 evolution: the modern synthesis 

tenns, and whether thete is any prospect of its future continuance. 

In the first place, then, evolution is an alarmingly large and 
varied subject The students of a particular aspect of evolution 
are prone to think that their condusions are generally applicable, 
whereas in most cases they are not. The paleontologists unearth 
long evolutionary series and daim that evolution is always 
gradual and always along a straight course, which may be either 
adaptive or non-adaptive. However, as Haldane (19320) has 
pointed out, their conclusions apply almost entirely to apimals, 
and to anim a l s which are mostly of marine type and all belpngii^ 
to abundant spedes. In some land plants, on the contrary, vip now 
have evidence of a wholly different method of evolution, namely, 
tlie discontinuous and abrupt formation of new spedes. And in 
rare forms, as Sewall Wright (1932) and Haldane (19320) 
cspedally have stressed, the course of evolution, or at least of 
specific and generic evolution, will not run in the same way as 
m abundant and dominant types (see also p. 387). 

Meanwhile the comparative physiologist and a certain type of 
naturalist will inevitably be struck by the adaptive characten 
of animals and plants: organisms are seen by them as bundks of 
adaptations, the problem of evolution becomes synonymous with 
the problem of the origin of adaptation, and natural selection 
is erected into an aU-powerful and all-pervading agency. This 
was the orthodox post-Darwinian view up to the end of the 
nineteenth century, as represented by Darwin himself in such 
books as the Fertilization ^ Orchids, by Wallace in his Darwinism, 
by Weismann in The Evolution Theory, by Poulton in The 
Colours of Animals. 

The systematist, on the other hand, and often the ecologically 
minded naturalist, struck by the apparent uselessness of the 
characters on which they determine spedes and genera, are apt 
to overlook other characters which are adaptive but happen to 
be of no use in systematics, and to neglect the broad and obviously 
adaptive characters seen in larger taxonomic groups and in 
paleontological trends. The result, as recorded for insratiri» in 
Robson and Richards’ book. The Variation of Animals in Nature 
(1936), and Robson's work on The Species Problem (1928), is 
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ail undue belitding of the role of selection in evolution, and an 
over-emphasis on the origin of species as the key problem of 
evolutionary biology. 

The paleontologist, confronted with liis continuous and long- 
range trends, is prone to misunderstand die implications of a 
discontinuous theory of change such as mutation, and to invoke 
orthogenesis or lamarckism as explanatory agencies. Since there 
arc more rare than abundant species, the biogeographer will have 
to discount the fact that he is dealing mainly with processes irre- 
levant to the major trends of evolution regarded as a long-range 
process; while the ecolc^t and the pure physiologist, appalled 
by the complexity of the phenomena which they study, are apt 
to give up the quest for any evolutionary explaiution at all. 

2. THE PALEONTOLOGICAL DATA 

We may perhaps take up these points a litde more in detail. 
There is first the point of the imreprescntative nature of the 
material upon which the paleontologist rehes. The chief groups 
which have yielded detailed results of past evolutionary change 
by means of fossils are the molluscs, the cchinoderms, the brachio- 
pods, the graptolites, and the trilobites. Among the vertebrates 
we have, of course, numerous important fossils which reveal the 
past history of the phylum; but for the most part they serve 
merely to show the general course of evolution and the broad 
relationship of the various groups: this is so with the famous 
Archaeopteryx, widi the extinct orders of reptiles, with the rep- 
tilian forms ancestral to mammals, with the ostracoderms, whose 
primitive structure has been revealed by the work of Stensio. 
Only in the placental mammals, however, and notably in die 
horses, the titanotheres, the elephants, and one or two odicr lines, 
do we meet with an abundance of fossil forms sufiicient to give 
us what we may call (remembering the words of the psalmist, 
“a thousand years in thy sight arc but as yesterday”) the day-to- 
day progress of evolutionary change. And even here the abun- 
dance and the consequent detailed accuracy of the record arc less 
than in the other groups mentioned. 
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All these others are aquatic and almost exclusively marine. The 
graptolites and trilobites endured only for a short period of the 
geological record. So, among the molluscs, did the ammonites 
and (so far as abundance and fossil preservation are concerned) 
the uautiloids. The lamellibranchs, on die other liand, and the 
sea-urchins and starfish among the echinoderms have remained 
abundant up to the present. This, however, does not appear to 
matter. In all cases where fossils are abundandy preserved over 
a considerable pericxi, we find the same phenomena. The change 
of form is very gradual It is often along similar lines in Related 
types. And in general it appears that different characterii vary 
independendy: at any one horizon, for instance, the fossid sea- 
urchins of the genus Micraster include a few specimens showing 
characten reminiscent of the average of the horizon before, a few 
with the same characters anticipating the average of the horizon 
next deposited; but in general the average development of the 
various diagnostic characters will be nearly constant, though there 
is no rigid correlation and many specimens will show some 
characters in advance of and others behind the mean for the 
particular time (Hawkins, 1936). A similar state of affairs has 
been found in the history of the horses (Matthew, 1926). 

As showing the restricted nature of the material on which the 
paleontologist relies, it may be mentioned that Professor Hawkins 
(1936), in his presidential address to the Geology Section of the 
British Association at Blackpool, drew very far-reaching con- 
clusions as to the method and course of evolution on the basis 
of echinoderms, molluscs, and brachiopods alone. No trends 
in vertebrates and no trends in land animals were discussed 
by him. 


3. EVOLUTION IN RARE AND ABUNDANT SPECIES 

It is furthermore obvious that only abundant and widespread 
species will be of any service in tracing the detailed course of past 
evolution. Now there are various peculiarities dis tingitishing rare 
from abimdant species. In the first place, abundant species will 
have a larger reservoir of inheritable variation, bodi actual and 
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potendaL Hiis can be deduced on theoretical lines from what we 
know of muUidon (Wright, 1932). In addition, it has been 
demonstrated as a fact in several cases. Darwin, on the basis of 
qualitative inspection, asserted that it was so. And R. A. Fisher, 
using all the apparatus of biometric and probability technique, 
has now demonstrated that it holds for such diverse characters 
as the colour of moths’ wings and the dimensions of birds’ eggs 
(Fbher and Ford, 1928; Fisher, 19374). This will obviously confer 
upon abundant species a greater evolutionary plasticity, a higher 
potency of adaptive change. 

Rare species, on the other hand, will not only possess less 
evolutionary adaptability, but wUl, as Sewall Wright (1932) has 
emphasized, be prone to have useless or even deleterious muta- 
tions become accidaitally fixed in their constitution. When 
numben are increasing aiter being abnormally low, a chance 
mutation may spread through a conaderable proportion of the 
population (p. 61). Further, genes which arc neutral or even 
deleterious have a chance of becoming incorporated in a small 
local population-unit. Such “accident^” divergence may con- 
tinue to an indefinite extent. Furthermore, rare species will tend 
to become subdivided into discontinuous groups, and these, 
once isobted, will have a greater likelihood of difierendadng into 
separate species, partly by the accidental accumulation of muta- 
tions, as we have just seen, and partly because selection can work 
on them unhampered by immigration from other areas inhabited 
by slightly different types. Haldane (19324) draws attention to the 
fact that the rare fern Nephrodium spimhsim has no fewer than 
four well-marked local subspecies (or even species, according to 
some audiorides) in isobted areas of Britain alone. 

Many abundant spedes, on the other hand, will differentbte 
into subpecies in difierent parts of a continuous range; these will 
differ adaptively in accordance with the environment, but there 
will not b; compkte isobtion between them (except as the result 
of climatic or geological change produdx^ a barrier) and migra- 
tion will keep distributii^ genes from one subspecies to its 
neighbours (Chap. 5, § 3). 

When this is so, Sewall Wright (1931) points out that the 
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variability of a spedcs will be at a maximum; for the agency of 
selection will have added partial local diflerentiation to the 
intrinsic variability of a large population, and migration will be 
ensuring new recombinations of the genes determining sub- 
specific characters. 

In abundant plant species, the chief tendency appears to be to 
differentiate into numerous ecotypes, many of which will co-exist 
in the same geographical region (pp. 275 seq.). These too will be 
able to exchange genes, and thus to promote variability, 

Furthermore, as Haldane (i932<2) has stressed, competition and 
therefore selection in rare species will be more betwe^ the 
species as a whole and its environment, or between it andvother 
related species, while in abundant species they will be more 
between individual members of the same species. And this /ntra- 
specific selection has various peculiar results in evolution, many of 
^em in the long run beii^ harmful to the stock (p. 478). 

We must also mention the interesting work of Willis, summar- 
ized in his book. Age and Area (1922). In the first place, he points 
out that rare species are more numerous than abundant species. 
For instance, out of 809 species of flowering plants in Ceylon, 
65 per cent arc rare, including 37 per cent “cxtrcniely rare” 
(sec p. 204). His figures apply chiefly to flowering plants, but even 
a casual acquaintance with systcniatics makes it clear that a 
situation of this type is general, and that the systeniatist and biogco- 
grapher are dealing with many more scarce than abundant species. 

The discontinuous formation, per saltum, of new specif in 
plants I shall treat of later in detail, in connection with the species 
problem in general. Suffice it to say here that the phenomenon is 
known in several groups of flowering plants, and may well 
prove to be considerably commoner than is now generally 
supposed, save by a few cytologists and geneticists. 


4 . adaptations and thhr interpretation 

On the subject of adaptation, also, I shall have more to say in a 
later chapter. But it is clear that, whatever value we allow to tlie 
deductive method and its implications as regards adaptation, it 
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must not be allowed too free a rein. Speculation must be constantly 
diec^ed by observation and experiment. 

A striking example of this comes from recent work on sexual 
selection (sec summaries in Huxley, I938fl, 1938^, i938f). Under 
the impetus of Darwin’s great work. The Descent of Man, what 
may be called the orthodox Darwinian view came to be generally 
held, namely, that all bright coloun of higher animals which are 
restricted to the male sex, are, in the absence of definite evidence 
to the contrary, to be interpreted as owing their origin to sexual 
selection; the same was assumed for the songs of birds. When 
these bright colours were known to be conspicuously shown off 
in some special display attitude, the conclusion was regarded as 
incontrovertible; but even when this was not the case, as with 
most of the bright colours of male ducks, the presumption was 
regarded as sound. It was rather the opposite of the presumption 
of British law that a prisoner is to be regarded as innocent until 
definite proof of guilt is adduced. In reaction against this attitude, 
however, many biologists adopted an equally uncritical attitude 
of scepticism, and many even proclaimed that sexual selection 
had been “disproved” and that no masculme colour or other 
characters had any function in stimulating the female. 

However, while this scepticism is wholly unjustified in fiicc 
of the vast body of positive evidence, notably from field study, 
recent work, both observational and experimental, largely on 
birds but also on lizards (see Noble and Bradley, 1933), has 
shown that the Darwinian presumption in its sweeping form was 
erroneous. Only when the bright colour or other performance is 
solely or mainly used in display before the female can it hold. 
If so, however, the presumption is very strong that its ori^ is 
to be sought in sexual selection in the modem sense, which differs 
comidcrably from that in which it was or^;inally employed by 
Darwin, and die burden of proof is on the other side. 

Song, on the other hand, as a result of detailed observarion, is 
now regarded as having its prime funaion as a “distance threat” 
to rival males and its secondary fiinction as an advertisement, so 
long as the singer is unmated, to qnmated females. The same is 
true of bright colours in the males of territorial species. Similarly 
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Ixright colours have in many cases been proved to have the 
function of simple threat and not that of display. The most 
striking case is perhaps that of our common robin {Eritbacus 
mhecula). It was known that the bri^t red colour of the breast 
is actually displayed very prominently in a special stiff erect pose 
durii^ the breeding season, and it had been generally assumed that 
this was a display of the male towards the female. The observ- 
ations of Burkitt (1924-5), however, and of Lack (1939), and 
experiments with stuffed birds have shown that this pose is one 
of threat and is used by members of either sex, but exclusively 
towards territorial rivals. It is noteworthy that in the\ robin, 
both sexes hold territories in autumn and early wintipr, so 
that the marked development of threat action and threat cblour- 
ation in the female as well as the male has an obvious adaptive 
significance. 

Observation again has shown that one and the same colour or 
structure may be employed in different ways as a threat to rivals 
or as a display to potential mates — ^this holds for blackcock and 
ruffi, for instance; while in other cases, as in the train of the 
peacock, the display function appears to be the only one. Thus 
deductive speculation, though legitimate in its place, must be 
closely checked. 

Precisely similar considerations apply to all other cases of 
adaptation. For instance, elementary observation shows a corre- 
lation between the prevailing colour and pattern of animals and 
that of their environment. This provides a pritna facie case for the 
relation being an adaptive one. But this deduction is a first 
approximation only. The next step is to make detailed ecological 
observations on particular cases; to see whether alternative 
explanations may not be preferable (such as the view that there 
is a direct e£&ct of the colour of the environment on the organism, 
or an indirect effect via die prevailing climate; see Dice and 
Blossom, 193 7 » for a case where the climatic interpretation can 
be rejected); and, where possible, to check the adaptive value by 
experiment. We shall then be able to reject a certain number of 
suggestions (such as that of Thayer (is>09) that the pink colour 
of flamingos enables drcm to escape detection against the sunset 
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sky), atid to retain a certain body of firmly established fact and a 
considerable residuum of hig^ probability. 

We need not be deterred by argumraits of a negative nature, 
sudh as that which maintains that a particular arrai^ment cannot 
be adaptive, because related species do not show it; for these can 
be shown to rest on a lack of biological logic (p. 466). 

On the basis of such a step-by-step analysis, we shall obtain 
stremg support for the view diat adaptation is all-pervading and 
of major importance, even if it does not apply to numerous 
detaik of the structure and fimetion of organisms. And this will 
enable us to discount non-adaptive theories of evolution, such* as 
orthogenesis, as being based either on incomplete data or on 
deliberate rejection of the adaptational point of view. 

5. ADAFTATION AND SELECnON 

Finally, another and even more important point of method must 
be mentioned. It concerns the types of condusions which can be 
drawn from difierent types of data. I will begin with an example. 

Various writers, naturally comprisii^ a number of pale- 
ontologists, have advanced views on genetics and selection, which 
are based upon the data of paleontology. For instance, some have 
claimed that Lamarckian theories of inheritance and evolutionary 
change must be true, since paleontological change is in the 
majority of cases of a functional luture, suiting the stock pre- 
gressively to a particular mode of life. For instance, MacBride 
{1936), after reviewii^ certain evidence for the inheritance of 
habit, continues : “When fully documented evidence for evolution 
as displayed by a minute study of species and races of living 
forms or by the study of lines^ series in fossils is carefully 
studied, this dependence of evolutionary change on change in 
habit and function becomes apparent.’’ And .he draws the further 
conclusion that the changed habit or function is the direct cause 
of the evolutionary char^. 

Others, while not goii^ so far in a positive direction, insist 
that any selective theory based upon inheritable variation occur- 
ring at random, or at least in many directions, cannot be true. 
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llie reason alleged is that the fossil record shows nothing of this 
randomness, but always advances along definite directions. Still 
others, more impressed by this fact of direction, and by the 
further fact that the directional change does not always seem to 
be functional, but may be of an apparently useless or even 
deleterious nature, assert not merely that selection carmot be 
responsible, but that the prime cause of evolution must be the 
inner momentum which in technical parlance is called orthogenesis 
(see e.g. Hawkins, 1936, and Chap. 9 ot this book). j 

Quite blundy and simply, all such assertiotu are unjustified. 
They are unjustified on the score of simple logic and saentific 
method. Paleontology is of such a nature that its data by (them- 
selves cannot throw any important light on genetics or selection. 
As admitted by various paleontologists (e.g. Swinnerton, 1940), 
a study of the course of evolution cannot be decisive in regard 
•to the method of evolution. All that paleontology can do in this 
latter field is to assert that, as regards the type of organisms which 
it studies, the evolutionary methods suggested by the geneticists 
and evolutionists shall not contradict its data. For instance, in 
face of the gradualness of transformation revealed by paleontology 
in sea-urchins or horses it is no good suggesting that large 
mutations of the sort envisaged by de Vries shall have played a 
major part in providing the material for evolutionary change. 
Even here, however, let us be careful to note the restriction 
imposed by the phrase “as regards the type of organisms which 
it studies”. The main lines of evolution in the more abundant 
forms of sea-urchins, horses, and the like nuy depend upon 
gradual change: but this is no reason for assuming that this holds 
for all organisms. And as a matter of fact, as we shall set forth 
more in detail later, abrupt changes of large extent do play a part 
in certain kinds of evolution in certain kinds of plants. 

It may be worth wliile to sec why and how the assertions, 
positive and negative, that we have just been commenting on, 
arc methodologically unjustified. In the first place to state that 
the functional nature of evolutionary change presupposes a genetic 
mechanism like that postulated by Lamarckism, which involves 
the inheritance ot modifications in the individual brought about 
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by use aiul function, is a non sequitur. A functionally-guided coutse 
of evolution is consonant with a lamarckian method for evo- 
lution but it is also consonant with an anti-lamarckian Darwin- 
ism. For the natural selection of “spontaneous” variations which 
in their origin have nothing to do with the effect of use or disuse, 
provides a perfectly adequate formal explanation of the genesis 
of organisms adapted to their mode of life, and therefore of a 
functionally-guided course of evolution. The difference Ucs in 
the intermediary steps: in the one case the effect of use or func- 
tion is supposed to ^ direct, in the other indirect, via the siftii^ 
mechanism of selection. 

There is thus a non sequitur in the fundamental postulate of 
functionally-dircctcd fossil lineages presupposing lamarckiasi 
evolution. MacBride (e.g. 1936), however, goes even further. 
He impUes that all evolutionary change is functionally deter- 
mined. But in the first place we shall later describe certain trends 
revealed by paleontology, notably in ammonites and lamclli- 
branchs, for which no tunctional cxplanatum has so tar been 
suggested (p. 506). And, in the second place, the evidence on the 
differences between allied species, as collected by such authors as 
Robson and Richards (1936), indicates that many specific 
cliaracters arc non-adaptivc. Even if we discount many of these 
as being in all probability useless consequences or correlates of 
useful characters, a residuum remains. Thus here again we find 
arc brought out the multiformity of evolution and the impossi- 
biUty of ascribing all kinds of evolutionary change to a single 
mechanism. 

Similarly the argument that straight-line or directional evolu- 
tion as revealed by paleontology rules out the natural selection 
of random variations is simply not true. On the postulate of 
natural s>*lecrion, the overwhelming majority of the individuals 
which survive will clearly be of the adapted type. The likelihood 
of any obviously mala<yustcd types surviving to become fossilized 
is negligible. Further, at any one moment, if there is a constant 
pressure of selection, and if the raw material cai which it 
acts is constituted by small muutions, as appears to be the case 
(pp. 51, 58 n.), the main alteration of thc.stodt will be brought 
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about by the slightly lower survival- and reproduction-rate of 
the types which, though already broadly adapted, are not so 
highly adapted as others. Thus for the most part the constitution 
of the stock, as revealed in the bulk of those individuals which 
reach maturity, will change by a gradual increase of more highly 
as against less highly adapted types, not by the selection of “the 
adapted” as against “the non-adapted”. 

Again, directional evolution does not necessitate orthogenesis, 
since, so long as it is functional and adaptive, natural selection 
will also provide a formal explanation of it. An orthc^netic 
tlicory will be necessary if studies on mutation show that mihtation 

(a) is so frequent that it can override selective influences and 

(b) if it also tends to occur repeatedly in the same direction. It 
will also be necessary to account for directional evolution which 
is useless or deleterious, or is not correlated with adaptive func- 
tion. These points we shall discuss later (pp. 504 scq.). 

6. THE THREE ASPECTS OF BIOLOGICAL FACT 

If we look at the matter in the most general light, wc shall sec 
that every biological fact can be considered under three rather 
distinct aspects. First, there is the mechanistic-physiological aspect: 
how is the organ constructed, how does the process take place? 
Secondly, there is the adaptive-functional aspect: what is the 
functional use of the organ or process, what is its biological 
meaning or value to the organism or the species? And in the 
third place, there is the historical aspect: what is the temporal 
history of the organ or process, what has been its evolutionary 
cotu:se? A couple of examples Avill illuminate the point. The 
auditory ossicles or small bones of our middle ear operate so a$ 
to transmit vibrations of the ear-drum to the fluid on the inner 
car. Their functional significance is to enable us to hear. And 
historically they are derived from the inner portions of the upper 
jaw, the lower jaw, and the hyoid, which have changed their 
function in the course of evolution. Or again, the notochord, 
which appears transitionally in the development of all higher 
vertebrates, is historically a recapitulation of the stage when all 
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ancestral vertebrates possessed no backbone but a notochord 
persistent through life. Mechanistically, it is developed by a 
process of self-determination from the central portion of the 
invaginated dorsal lip of the blaostspore. Functionally, it appears 
to serve as a temporary scaffolding around which the true back- 
bone may afterwards be most conveniently laid down. 

Sometimes a character may possess no present functional value, 
and can only be understood in the Hght of its evolutionary past. 
This appears to be true for the hind-Umb bones of whales or the 
vestigial hairs on our own bodies. But in aU cases the three aspects 
are distinct; each must be investigated separately by appropriate 
methods, which may have no relevance to the other aspects; 
and discoveries concerning any one aspect can only be of limiting 
nature, and not decisive or essential, with regard to the otlicr two 
aspects. They represent three separate fields of discourse, which 
may overlap, but are of fundamentally different natures. 

These considerations apply to evolution as to all other biological 
phenomena. Paleontology deals with the historical course of 
evolution. The machinery -for the transmission of hereditary 
factors, together with any differential survival or reproduction 
of individuals of different types, constitutes the mechanism of the 
process. The adaptations of species or evolutionary lines, and the 
reasons for their spread or their extinction, constitute the func- 
tional aspect. 

We have seen the illegitimacy of using data on the course of 
evolution to make assertions as to its mechanism; but the con- 
verse is just as indefensible. For instance, as we have already said, 
the assumption of the de Vriesian mutationists that discontinuous 
variations of large extent are the main source of evolutionary 
change is not consonant with the facts revealed by paleontology. 
Again, the demonstration that small mutations occur and can 
serve as the raw material on which natural selection may aa to 
effect gradual evolutionary change, does not mean that this is 
necessarily the only type of evolutionary change possible. We 
have already mentioned that species may be formed abruptly, and 
other large variatiom are known to occur and to serve, in some 
cases, as building-blocks of evolutionary change (Chap. 6, §§ 8, 9). 
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The consideration of evolution thus demands data from the 
following branches of biology. As regards its historical course, 
direedy from paleontology and indirectly from systematics and 
biogeography. As regards mechanism, from genetics and cytol- 
ogy, and, since the expression of a gene is important, from 
studies of development and growth; in addition, systematics 
may throw light on the types of variation to be found in nature. 
And as regards biological meaning, from physiology and ecology 
for the study of adaptation; from mathematics, selection- experi- 
ments, and, indirectly, from paleontology, for the study of 
survival and extinction. All these arc necessary, but none qf tliem 
alone is sufficient. \ 

7. THE MAIN TYPES OF EVOLUTIONARY PROCESS 

If we may anticipate some of the results of later chapters, we may 
summarize our conclusions briefly as follows. Evolution in 
biology is a loose and comprehensive term applied to cover any 
and every change occurring in the constitution of systematic 
units of animals and plants, from the formation of new sub- 
species or variety to the trends, continued through hundreds of 
millions of yean, to be observed in large groups. 

The main processes covered by the term are as follows, 
(i) Long-continued trends, as revealed by indirect evidence and 
in some cases by the immediate data of fossils. These arc for the 
most part towards specialization (p. 486), a number of them 
towards that peculiar form of specialization called degeneration 
(p- 558), and a few towards that all-roimd biological improve- 
ment which may be styled evolutionary progress (p. 559). All 
these are essentially adaptive, or, if you prefer it, functionally 
guided. In addition, certain trends occur which cannot be inter- 
preted adaptively, at least in the light of present knowledge, such 
as that of various lines of ammonites to greater complexity 
followed by progressive unrolling of the spiral and by other 
simplifications (p. 506). 

Indirect evidence for similar trends, at least for those of 
adaptive type, is provided by comparative anatomy and enbry- 
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ology. When a group is ccmsidered as a whole, it will be found 
in the early stages of its history to be radiating into a number of 
trends; in other words, its evolution is essentially divergent. 

An important complication is provided by the fact diat selection 
may have quite different effects according to the group of indi- 
viduals on which it acts. Thus selection in social insects like 
bees and ants in which most individuals arc neuters and repro- 
duction is concentrated in a small special caste, can produce 
characters in the species of quite a different type from those 
possible to animals of the usual type, in which all individuals arc 
capable of reproduction (p. 482). Again, in higher mammals, the 
fact that the mother nourishes a litter within her body will lead 
to a special type of selection acting upon the unborn young, and 
this will have repercussions on the evolution of tire species 
(p. 525). Similarly, the competition between pollen-grains in 
higher plants leads to a type of selection which is absent in higher 
animals (p. 481), while the necessity for internal fertilization in 
higher animals has led to the type of selection, with characteristic 
effects, known as sexual or inter-male selection (pp. 425 seq.). 

Again, the existence of groAving-points and other regions of 
permanently embryonic tissue in higher plants gives tlicm oppor- 
tunities for asexual reproduction and for taking advantage of 
mutations that arc denied to higher animals. 

(2) Minor systematic changes, as revealed by detailed tax- 
onomy, ecology, cytology, and genetics. When we come to 
minor systematic change, we find some very different processes 
at work. Some processes of species-differentiation will, of course, 
form part of a major trend, whether by the direct evolution of a 
species into an altered fomt or by its divergence into two lines 
of incipient spcdalizatiou. But maity processes involving the 
formation of species and subspecies will be of a different character. 
Plant species may be produced discontinuously so that no 
selection is involved in their formation, but only in tlicir subse- 
quent fate (p. 340). A large species may become broken up into 
slightly differentiated subspecies, each somewhat adapted to local 
conditicois, but interbreeding to a certain degree witli ncighbour- 
'ng species. If really small local groups arc wholly isolated from 
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interbreeding with the rest of the species, their total variability 
will be insufficient to respond readily to selection, useless or even 
deleterious characters due to chance (pp. 199 seq.) may crop up 
in diem, and they will be more prone than larger groups to 
become extinguished when conditions alter. The same is true of 
once numerous species which dwindle until they become small. 

In certain condidons, as on the Galapagos archipelago, the 
few immigrants which have succeeded in reaching the place 
have blossomed out into an extraordinary array of qpecies; 
it seems that local isolation, coupled with absence of biciogical 
competition, is involved (see Swarth, 1931, 1934, and Cmp. 6, 
§ 7 of this book). s 

It may be presumed, on somewhat indirect evidence,\ that 
“useless” non-adaptivc differences due to isolation of small 
groups may be enlarged by the addition of further differences of 
the same sort to give generic distinction, though it seems prob- 
able that differences of family or h^her rank are always or almost 
always essentially adaptive in nature. 

As, we shall discuss more fully later (p. 478), both competition 
and therefore selection in abundant spedcs are mainly intra- 
specific, between individuals of the same spedes; while with rare 
spedes they ate mainly interspecific, between the spedes as a 
whole and its rivals, or as a struggle of the spedes as a whole to 
survive in its changing local environment. 

A spedes, besides becoming diffi:rentiated into local subspedes. 
may show polymorphism. In some cases, as with various 
mimetic butterffies, the different forms are highly adaptive and 
differ in many details, while in other cases, as with the existence 
of two or more colour-phases (e.g. in black and red squirrels, 
or pale and normal clouded yellow butterflies; pp. 96 seq.), the 
forms differ in some simple mendelian character and their adaptive 
significance is not at all obvious. In some such cases certain by- 
products of the mendelian mechanism of heredity and mutation 
seem to be responsible for permitting this sharp polymorphism to 
occur, thoi^h in others there is a selective balance, we^hted 
differently in ecologically different parts of the organism’s rai^e 
(pp. 103 seq.). 
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Again, in higher aiunuJs, mutual recc^Uition may be at a 
premium. Hie recognition may be of one member by all others, 
as with the recognition marks of gregarious birds and mammals; 
or it may be between members of opposite sex, as in colours, 
sounds, or scents promotu^ die approximation or stimulatii^ 
the coition of the sexes; or between members of die same sex, 
as with threat-diaracters. In most of these cases it is biologically 
desirable to prevent confusion with similar characters of related 
species occupying the same area (pp. 288 seq.). Recognition- 
characters accordingly are in most cases not o^y stril^g but 
strikingly di&rent from species to species. Selection in these 
conditions operates to produce distinctiveness — difference for the 
sake of difference (see Lorenz, 1935, Huxley, 1938c). 

In still other cases, frequendy in plants and rarely in animals, 
an interbreeding group (species or subspecies) has been produced 
by crossing between two or more incipient or fully differentiated 
species. The results di&r according to the precise genetic and 
cytological medianisms operative (Chap. 6, §§ 8, 9) ; in some 
cases, however, an abnormal degree of variability is generated. 

All these different processes — the adaptive and the non- 
adaptive trends, and all the various types of spedfre, subspecifre, 
and polymorphic divergences — are equally part of evolution. If 
the long-range trends are in the long view the more important, 
the minor changes probably concern a far larger number of 
species. It wotdd seem clear that we cannot expect to find a single 
cause of evolution: rather we must look for several agencies 
which alone or in combination will accoimt for the very various 
processes lumped together under that comprehensive term. 

Looking at the matter from another angle, we are begiiming to 
realize that different groups may be expected to show different 
kinds of evolution. 

Only fimns which are able to dispense entirely with bisexual 
reproduction will be able to establiA new species by autopoly- 
ploidy; the establishment of new species by hybridization and 
allopolyploidy will in the main be confined to forms with un* 
limited growth of the type found in higher plants; purely apo- 
niictic forms wiU show a host of slightly different pure lines; 
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animal groups with wide powers of dispersal like birds will tend 
to develop characters for sex-recognition and discrimination to 
prevent interaossing with other species; the type and amount ctf 
variation and differentiation will be difierent in cross-fertilizing 
as against self-fertilizing or non-sexual forms, in fertile polyploids 
as against diploids, in sedentar}- as against mobile forms (Chap. 4). 

Just as there is no one method of the origm of species, so there 
is no one type of variation. Different evolutionary sondes differ 
in intensity and sometimes in kind in different sorts of organisms, 
partly owing to differences in the environment, partly tQ differ- 
ences in way of life, partly to differences in genetic matWery. 
No single formula can be universally applicable; but the di^rent 
aspects of evolution must be studied afresh in every grd^up of 
animals and plants. We are approaching the time when evolution 
must be studied not only broadly and deductively, not only 
intensively and analytically, but as a comparative subject. 
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I. MUTATION AND SELECTION 

The essence of Mendelian heredity is that it is particulate. The 
genetic constitution is composed of discrete units. Each kind of 
unit can exist in a number of discrete forms. The hereditary trans- 
mission of any one kind of unit is more or less independent of that 
of other units, the restriction of independence being a partial one, 
concerned with the phenomenon of linkage. The units are the 
Mendehan factors or genes, while their different forms arc called 
allelomorphs or alleles. 

The particulate nature of inheritance enables calculations to be 
made as to the proportions of offspring of different types in 
different generations after a cross. Like the atomic dreory in 
chemistry, it is the basis of quantitative treatment. 

The hereditary particles or genes are located within the visible 
chromosomes, whose manoeuvres distribute their contained 
genes equally to all cells of the body, and determine the quanti- 
tative details of Mendel’s laws. Within a particular diromosome, 
each gene has its appointed place, which it keeps permanently 
(apart from rare rearrangements; pp. 89 scq.). Of recent years, the 
study of the giant chromosomes in the sjJivary glands has con- 
verted Drosophila from an. unfavourable into an exceedingly 
favourable cytolt^cal object. It is now possible in this genus to 
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check generic prophecies cytologically and cytological prophecies 
generically, in a remarkably complete and detailed way. (For tte 
cytologic^ basis of heredity see Darlington, 1937; briefer treat* 
ment in M. J. D. White, 1937.) 

It used to be imagined that the precise arrangement of the 
genes within the chromosomes was biologically irrelevant 
To-day, however, we know that this is not so. Genes (all or many 
of them) have somewhat different actions according to what 
neighbours they possess. This is the so-called position effect 
(p. 85), which, oiJy recently discovered, will probably turn out 
to be widespread, although in some organisms (such as Waize) 
it docs not seem to occur. Where it occurs, it is likely to' be of 
fundamental importance as well, since the rearrangemoit of 
blocks of genes (sections of chromosomes) within the chromo- 
some outfit (p. 89), though considerably rarer than gene-mutation, 
is not infrequent in the long perspective of evolution; and rhi«, 
through the position effects which it frequently causes, provides 
a large and previously unsuspected source of variability and 
potential evolutionary change. Its contribution, however, inust 
be much less varied and much less abundant than that of ^ne- 
muurion (Muller, 1940).* 

This does not affea the basic conception of the gene as particu- 
late. Genes arc in many ways as unitary as atoms, although we 
cannot isolate single genes. Iliey do not grade into each other: 
but they vary in their action in accordance with their mutual 
relations. In this they are again like atoms: the chemical behaviour 
of a compound will be altered when we transfer an atom from 
one position to another in the molecule, even though the sub- 
stantive constitution of the molecule remains unchanged. Thus die 
whole is not merely the sum of its parts: it is also their relation. 

The discreteness of the genes may prove to be nothing more 

* A special case of position efiect is the modification of variegation (mosaicism) 
of yariow sorts in Drosophila^ exerted on various genes if translocated into prox- 
imity with hctcrochromatin (“inert” regions of the chromosomes)* Schultz*! 
summary (1941) makes it clear that this is caused by a change in the nucleic acid 
metabolBm of the translocated regions, and that this exerts its ejects In early 
mges of ^clopment, by causing a process akin to inaaivation of the genes 
involved. The degree of this inactivation decreases with the distance &om the 
point of breakage and re-union with the ’inert region. ' 



MBNSBLISM AND BVOLUTION 49 

than the presoice of predetermined zones of breakage at small 
and more or less regi^ distances along the chmtrinsniTifs, For 
the independent hereditary behaviour of genes, from which their 
discreteness is deduced, is due to two facts. When the genes to 
be tested are in dii^rent kinds of chromosomes, their independ- 
ence is due merely to the independent behaviour of the two 
chromosomes. But when they are both in the sama Irintl of 
chromosome, their independence depends on what is known as 
crossit^-over. Prior to the formation of reproductive cells, the 
two homologous chromosomes of each kind pair togedier. 
Where they touch, they may break and exchange segments; in 
the daughter-chromosomes the kinds of genes and their order 
remain as before, but one or more blocks of genes from one 
chromosome will have exchanged places with precisely corre- 
sponding blocks of genes from the other. The breaks do not 
always occur in the same place. If there is more than one break 
in a chromosome-pair, the second break is at a considerable 
distance from the first; thus breaks can normally not occur on 
both sides of a single gene. What Happens is thus that genes are 
separated from their erstwhile neighbours in a chromosome by 
these breaks; and it is the fact that breaks may occur at different 
places in the chromosome which makes it possible for any gene 
in a chromosome to be separated from its neighbours and thus 
to be inherited independently. Knowing this, we may put the 
matter the other way round, and say that the process of exchange 
of sections after breaking, and the fact that breakage only occurs 
at certain spots, determines what we call the gene (see discussion 
in Griineberg, 1937) ; a gene-unit is thus a section of the chromo- 
some between two adjacent sites of potential breakage at crossing- 
over.* 

The chromosomes may thus be looked on as “super-molecules”, 
bmlt up out of a series of regions, each region marked off by 
zones of potential breakage. The portions of these regions which 
we can recognize by their efiects in inheritance arc what we 

It h possible, though not fully established, that the breaks undcrlyi^ secdonal 
rearrangements may not invariably coincide with the sites of potential breakage 
underlying crossingH:>ver. If so, sectional chromosome-mutations may aauaUy 
break genes in two (Muller, 1940; Raf&limd Muller, X 940 )* 
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call gmes. Rearrangement of the regions, as well as change within 
a single region, or Ac loss or duplication of a region or set of 
regions, can and normally will cause alterations in the action of 
Ac chromosome and its parts on Ac developing organism. 
Similarly Ac doubling of Ac whole chromosome-outfit, by pro- 
ducing a different relation between gcnc-ouAt and cytoplasm, 
will also alter Ae characten of Ae organism. 

The number of genes is much larger than was originally 
imagined. Drosophila is Ac only organism where adequate 
quantitative knowledge is available. Several recent estimates, 
based on different meAoA of approach (sec summary in vulick, 
1938), vary from a minimum of over 2,000 to a maximum ^ well 
under 13,000, wiA a probable number of about 5,000, fiir this 
minute insect. The siae of a Drosophila gene must be between 
io "8 and io “6 and probably between io~’ and lo"* /t®, 
equivalent to some 10 meAum-sized protein molecules (see also 
Lea, 1940). In some oAer organisms {Lilium) the genes may be 
larger, and in others more numerous (c.g. in man, perhaps 4 to 
6 times more so than in Drosophila). It will be seen what astro- 
nomical possibAties of recombination and mutual interaction 
are afforded by an assemblage of this magnitude. 

A gene-mutation will Aen be any intrinsic change in substance 
or structure, affecting the mode of action of one of Aese unit- 
regions. 

One of Ae notable biological Ascoveries of Ae last few years 
wa? that of Muller, on Ae efiect of X-rays in producing gene- 
mutations. The ordinary rate of mutation can by this means be 
multiplied a hunAed-and-fifty fold, and a certain number of 
wholly new mutations, in addition to many already known, arc 
produced. It is, however, interesting, in view of our discussion, 
to note Aat X-rays also induce the rearrangement of chromo- 
some-sections by translocation, inversion, etc. in view of Ac 
assertions of certain biologists Aat mutation is of its essence 
paAological, it Aould be mentioned Aat X-ray treatment can 
produce reverse mutation — i.e. cause a previously mutated gene 
to revert to normal (Patterson and Muller, 1930; Timofwff- 
Ressovsky, i 934 <ii 193?) » Comment is needless. 
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Titnakov ( 1941 ) in wild Drosophila has detected a gene increas- 
ing mutation-rate at least 40 times, and possibly to a level higher 
than that induced by X-rays. 

The fact that the genes and their arrangement normally remain 
constant, until altered by some kind of mutation (after which 
they again remain constant in their new form until a further 
mutation supervenes), accounts for the resemblance between 
parents and offspring, The fact of Mendelian recombination, by 
which new combinations of old genes are produced according to 
Mendel’s second law (and to the rules of crossing-over), accounts 
for the great majority of the differences between parents and 
oflspring, and between memben of a family or population. But 
gene-mutation, though a rare event, appears to account for most 
that is truly new in evolution. Under the head of gene-mutation, 
position-effect due to very small sectional rearrangements can 
legitimately be included, since it involves a structural change 
and a novel effect; further, it cannot for practical reasons be 
excluded, since there is at present in many cases no possibility of 
distinguishing between it and true gene-mutation. Recombination 
also may in certain cases produce evolutionary novelty, for 
instance after a cross between two previously isolated types. 
Fmally, as we shall see later, hybridization, with no subsequent 
recombination, may sometimes be responsible for evolutionary 
change (Chap. 6, § 9). 

However, gene-mutations (including position-effects) appear 
to be the most important source of novelty in evolution, and we 
must now say a little more about them. 

In the first place, no trace has been found in Drosophila, where 
analysis has been pushed to an extraordinary pitch of refinement, 
of any characters not dependent on chromosomal (and therefore 
mendelizing) differences (Muller, 1940). Secondly, although 
complete proof cannot be offered, the presumption, in the 
absence of evidence to the contrary, is that all mendelizing gene- 
differences owe their origin to mutation: up to the present we 
know of no other way by which they could have come into 
existence. 

Finally, a number of mutations arc known which are roughly 
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neutral, or actually or potentially useful (pp. ii8, 449). In barley, 
Gustafsson (1941) induced by X-rays three mutetions which 
increased yield, one of them markedly. Among those which arc 
potentially useful a few cases may be mentioned here. Banta and 
Wood (1928) discovered a “thermal race” of the crustacean 
Daphnia lotigispina, which had its optimtmi 6°-8° C. h^;her and 
its thermal death-point 5°C. higher than die long-established 
parthenogenedc strain from which it originated. It was also 
immobilked more quickly by low temperatures. Thus it was 
potentially adapted to a warmer environment than it$ parent 
strain. Its origin from sexually inbred individuals showedi that it 
depended upon a recessive mutation arising during thlp long 
preceding period of parthenogcnetic reproduction. Other, more 
immediately useful mutations arose in the same way, c.g. some 
causing greater fertility and others greater longevity (Davenport, 
1928). 

Very important results were obtained by Johannsen (1913) in 
following up his classical researches on pure lines for seed- 
weight in beans. As is well known (see Johannsen, 1926), he 
showed that the prime effect of selection in a mixed population 
was to isolate pure lines, and that further selection dien had no 
further e&a, in the absence of mutation. But he also showed that 
mutations might occur in pure lines, and might then be selected. 
During his experiments, two mutations, one for higher and one 
for lower seed-weight, were detected and “captured” by his 
selection for high and low seed-weight respectively. 

Another interesting case is that of the variety of tobacco, 
originated apparently by mutation, described by Gamer and 
Allard (1920). This did not flower at all in its place of origin 
(Washington); but when the daily period of light was reduced 
to twelve hours, it flowered and set seed better than the stock 
from which it had arisen. In other words, it was potentially better 
adapted than the parent stock to more tropical ktitudes. 

Still another case is the mutation described by McEwen (1937) 
in Drosophila, which abolishes the fly’s phototropism. This 
would be adaptive in dark surroundings. It is noteworthy that 
this last effect is produced by die same recessive mutation that 
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changes the body-colour to tan; thus here a useless visible effect 
is correlated with a potentially useful physiological effect (a 
“correlated character” in Darwin’s uss^c). 

Of mendelizing difercnces, alUce in domestic and wild species, 
vdiich are actually or potentially favourable, dicrc is an abund- 
ance. We need only tliink of the genes producing small and 
large size in poultry (Punnett and Bailey, 1914) ; those producing 
the specific differences between the two species of snapdragon 
crossed by Baur (1923): the mimetic polymorphic forms of 
various butterflies (p. loi); die different forms of hctcrostyled 
flowers such as primrose (Primula) and loosestrife (Lythrum ) ; the 
single-brooded and double-brooded condition in silkworms; 
and so on. An interesting case of a Drosophila mutant establishing 
itself in considerable numbers in the wild is the vermilion-eyed 
type of D. hydei (Spencer, 1932). This mutant must be very 
delicately balanced in its selective relations. The recent establish- 
ment of other marked mutant types, like the black hamster, the 
black Tasmanian opossum, the simp/ex-toothed field-vole, etc., are 
discussed later (pp. 103-6, 203). In our own species, the work of 
Blakeslec and his collaborators (see Blakeslee and Fox, 1932) has 
established the existence of remarkable differences, apparently 
mendeUan, in sensitivity of taste and smell in regard to various 
chemical compounds and natural odours. These seem under 
present conditions to be, in themselves, somewhat selectively 
neutral. Later work (Fisher, Ford and Huxley, 1939) has shown 
that in chimpanzees not only are the same differences found, but 
tasters and non-tasters occur in about the same proportions as 
in man — close to 3 ; i. This appears to indicate a stable balance 
between die two conditions, and one depending upon some 
advantage, of unknown nature, enjoyed by the heterozygotes. 
The different blood-group genes wotdd seem to fall into a some- 
what similar category, though here the proportions vary markedly 
indifferent populations: some of these genes occur also in various 
lower mamm^. 

Many diflfercnces between “good” species have also been shown 
to depend on mendcliz'uig gene-differences (sec Goldschmidt, 
1928, Chap. 15; Haldane, I932fl, Chap, 3; Lamprccht, 1941). 
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Furdier, an increasing number of characten once held to be 
non-inendciian arc being showii to depend on niendelian gates 
(e.g. the multiple facton influencing the hooded pattern in rats, 
p. 65; the distinctive characten of wild subspecies of the deer- 
mouse Peromyscus); and indeed wherever Fa shows greater 
variability than Fi, inheritance must be particulate. Thus it may 
be legitimately argued that the m^ority of all inherited characten 
must rest on a maidclian basis. Even in the prcsait incomplete 
state of our knowledge, there ate strong presumptive gropnds for 
this assertion, so that the onus of proof now lies on th^ who 
would maintain the contrary in any particular case. \ 

In addition, initially deleterious facton can be renderec^ useful 
by genetic-evolutionary methods which we shall disdpss in 
subsequent sections of this chapter. 

Finally, mutations, while they seem to occur more readily in 
certain directions than in othen (Chapter 9), can be legitimately 
said to be random with regard to evolution. That is to say, the 
directions of the changes produced by them appear to be unre- 
lated either to the direction of the evolutionary change to be 
observed in the type, or to the adaptive or functional needs of 
the organism. Evolutionary direction has to be imposed on 
random mutation throi^h the sifting and therefore guiding 
action of selection. It is, of course, possible that as the laborious 
technique of testing for mutation-rate is extended to more 
species, certain mutations may be discovered which show very 
mucli higher rates than others. However, the general agreement 
already found between organisms so difierent as a monocotylc- 
donous angiosperm, an insect, and a mammal would indicate 
that in most species we may expect to find some mutations 
occurring at a rate of i in 10® individuals or even higher, and 
many genes with a mutation-frequency of about i in lo*. Occa- 
sional genes with much higher mutation-rates occur (see summary 
in Dobzliansky, 1937, Chapter 2), and some genes promote 
increased mutation-frequency in o^r genes. In cotton, hybrid- 
ization may increase the mutation-frequency of certain genes 
(Harland, 1936). Mutation-frequency must in some*way be 
balanced against length of life; otherwise the diromosomes of 
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long- 4 ivcd spcdcs would become crowded widi lethals before 
reproduction pobzfaansky, 1937, p. 33). Again, the mutttion- 
rate for luemophilia in man is on die same scale as that for most 
DrosopMa genes if computed per life-cycle, but much lower 
on the basis of time (Haldane, 19356). Certainly species vary in 
mutation-rate ; thus the fern Nephrolepis exaltata has produced 
many more mutants than any oAer species of the genus (Bene- 
dict, 1931). Zuitin (1941) in Drosophila finds that mutation-rate 
is increased by sudden environmental changes (see p. 137)- 

With mutation-rates of this order of magnitude, evolution 
must always be a somewhat slow process, judged in terms of 
years, but its speed in relation to geological time will be quite 
adequate. R. A. Fisher (i930<t, 1932) has discussed the matter in 
a general way. He clears the ground by pointing out that “blend- 
ing inheritance,” which was currently postulated in Darwin’s 
day, would be constantly annulling variabdity: to be accurate, 
the variance (in the absence of selective mating) would be halved 
in each generation. As a result, new genetic variations (i.e. what 
we should to-day call mutations) would have to be exceedingly 
abundant — far in excess of anything observed in actual fact — 
to produce the variance actually observed; and any variability 
available for selection to act upon would have to be of very 
recent origin. It was largely for these reasons that Darwin 
ascribed so high an influence to “the direct ejects of environ- 
ment”. 

The discovery that inheritance is almost entirely particulate 
and non-blending removes these difficulties, so that in point of 
fact the rise of Mcndelism, far from being antagonistic to Dar- 
winian views (as was claimed, notably by the early Mendclians 
themselves, in the years immediately following its rediscovery), 
makes a selectionist interpretation of evolution far simpler. In 
mathematical language, it indefinitely conserves much genetic 
variance instead of rapidly dissipating it, and thus amasses material 
on which selection can work.* Furdier, if particulate inhcritan<x 

* A cn4tin number of rare mutant genet will be lost to the species by 
accidental dimination. In addition* genetic variance will be reduced by the 
teStidve elimination of deleterious mutant genes. 



56 evolution: the modern synthesis 

and discontinuous mutation -as they are known at the present 
time are the general basis of genetics and variation, selectionist 
views also gain support over those strictly to be called ortho- 
genetic (Chapter 9), in which the direction of mutation itself 
is supposed to determine the course of evolution, and over those 
to be called Lamarckian, in which the cfiects of use and function 
arc supposed to be inherited. For no rate of hereditary change 
hitherto observed in nature would have any evolutionary efiea 
in the teeth of even the slightest degree of adverse iselcction. 
Ether mutation-rates many times higher than any as yet detected 
must be sometimes operative, or else the observed results can be 
far better accounted for by selection. A mutation witn partial 
dominance occurring once in lo^ individuals will, if selectively 
neutral, take a period of somewhat over 10® generations to estab- 
lish itself in half the individuals of the species. If there were the 
faintest adverse selection against it, it could never increase at all. 
But if it conferred an advantage of only i per cent — ^i.c. if an 
individual bearing one such mutant gene has an expectation of 
reproducing itself which is only i per cent higher than tliosc 
without the mutant gene, then it would establish itself in half 
the individuals of the species in a period of only about lo* genera- 
tions (R. A. Fisher, I930<i; Haldane, I932fl). Fisher (19376) has 
also made interesting studies on the form of the wave by which 
advantageous genes advance. 

Haldane (references and summary in appendix to Haldane, 
1932<7) has made a number of valuable theoretical studies on the 
rate of evolutionary change to be expected with various given 
degrees of selective advantage for autosomal dominants and 
recessives and otlier types of mutations. One important conclusion 
is that intense competition favours variable or plastic response to 
the environment rather than high average response. This preaim- 
ably helps to explain the large variability to be found in many 
natural populations. 

For ordinary natural selection involving a simple dominant 
with a selective advantage of i in 1,000 (i.e. where the ratio of 
dcmiinant to recessive changes from i to i *001 in cadi genera- 
tion) it will take nearly 5|000 generations to increase the pro 
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portion of the dominant from i to 50 per cent, and nearly 12,000 
more to raise it to 99 per cent. For an advantage of i in 100 the 
mimber of generations must be divided by 10. In the early 
stages of selection of a single mutation with constant effects, when 
the gene is still very rare, dominants can spread much more 
rapidly than pure recessives, unless a certain degree of inbreeding 
occurs. 

These results may be actualized in certain cases : e.g. in dominant 
melanism (p. 93) when conditions alter so as to favour the 
melanic mutant, the rate of change m the constitution of the 
population is of the order deduced. However, Haldane’s detailed 
conclusions arc not likely to be so directly applicable to evolu- 
tionary problems as was thought at the time, since we now realize 
that dominance or recessivity ate themselves in large measure a 
result of evolution, produced in response to the deleterious nature 
of most mutations (p. 75). The mutations that are of value for 
evolution will in most cases be of very small extent, of slight 
effect, and often at least of incomplete dominance or recessiveness. 
Further, we are now realizing that evolution will in general 
proceed, not by the selection of single mutations, but by the 
selection of mutations in relation to a favourable combination 
of existing small gene-difi^rences, or in many cases by the selection 
of such new recombinations alone, to be followed later if occasion 
offers by appropriate new mutations (p. 124). According to 
R. A. Fi^er, this process will be considerably quicker than that 
of the selection of single recessives, which are the commonest 
obvious mutations found, and accordingly were, when Haldane 
wrote, usually considered to be the main source of evolutionary 
variance. 

It will be observed that the amount of variance provided by 
mutetion will, with a constant mutation-rate, vary direedy widi 
the size of the population. In a given time, therefore, a rare 
species catmot lay hmds on the same store of mutations as would 
Ik available to an abundant species. The problem of the relation 
of size of population to evolution is, however, much more 
complex than this {see p.200; R. A. Fisher, i930<*i Chap. 4, and 
I 937 «; SewallWright, 1931, 1932. i94o).We must consider how 
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much variance a population can hold, as well as how much 
variance it is provided with by mutation. 

Many rare mutations must be extinguished by mere random 
loss: the individuals or gametes containing them fail to reproduce. 
There must always be a tendency for “minority” genes, which 
arc present in low frequencies, to be lost from the germ-plasm 
by such accidental extinction if of no selective advantage. Even 
with a definite selective advantage such as i per cent, which is of 
the order of magnitude for rapid evolutionary chingc, the 
chances arc strongly against a lone mutation surviviiW in the 
species (see, e.g.,' Haldane, 1939^). Mutations with a d&tcrious 
effect will of course be lost through selection, the ratq of loss 
depending on the intensity of the effect. 

Thus repeated mutation (i.c. a definite mutation-rate) together 
with a considerable-sized population, are necessary for new 
mutations to have an evolutionary chance.* Such abundant 
species as have been analysed prove to be carrying a surprisingly 
large number of recessive mutations in their germ-plasm (see 
p. 75, and Dobzhansky, 1937, Chap. 3). 

In addition, the probability of mere accident playing a part in 
the actual survival of particular genes or gene-combinations is 
enhanced in small populations. This has been especially empha- 
sized by Wright, who points out that we should expect to see, 
in the case of small species or isolated subspecies, certain types of 
useless or even deleterious change, which would not occur in an 
abundant form, becoming incorporated in the constitution 
tlirough chance recombination. 

Already in 1912 Lloyd had discovered instances of this process 
of accidental multiplication and decline of mutant genes, but 
without realizing its full theoretical implications; and by 1918 
Muller had drawn general attention to its importance. Scwall 

* R. A. Fisher (i937<i) points out that the number of the rare approximately 
neutral genes carried by a species incicases roughly as the logarithm of its popu- 
lation-size. Such genes, however, will only cause observable variability of any 
magnitude if they can increase their frequeiuy, as will occur if they are slightly 
favourable or if changed conditions cause them to become so. Thus, as Ford 
(1940C, p. 89) points out, increased variability ascribable to large population-size 
depends on genes actually engaged in causing evolutionary change, and the 
ol^rved faa of such increased variability demonstrates die ^read in nature of 
genet with small advantageous effects. 
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Wright ktcr christened the process “drift”, and worked out its 
consequences in full detail (see Wright, 1940). 

What may be regarded as the converse of tht SewaU Wright 
phenomenon of drift in small populations is the impossibility of 
securing good results in arriftdal selection when only small 
numbers are employed. This, the general experience of poultry- 
breeders, has been confirmed by Hays (1940) in definite experi- 
ments designed to test the point. Using a flock never exceeding 
50 birds, and often much smaller, he was unable in the course of 
eight generations to raise egg-production, though marked pro- 
gress can be obtained by using large flocks. Apparently the 
numerous genes needed for the requisite multiple gene-combina- 
tions are not available in such small populations. In some charac- 
ters involved in fecundity, indeed, the effect was contrary to the 
direction of selection — a result comparable with the deleterious 
changes soincriincs seen in small populations in nature (p. 201). 

The smaller the size of a natural population and the more 
perfectly it is isolated the more likely is drift to proceed to its 
limit, resulting either in the complete loss of a mutation from 
the group, or its fixation in all the individuals of the group — 
accompanied, of course, by the complete loss of its normal allele. 

In larger and less isolated populations, however, drift will 
normally proceed only within limits, causing the frequency of a 
gene to fluctuate round a position of equilibrium. This equi- 
librium-frequency will be determined by the balance between the 
two opposite processes of mutation-frequency on the one hand 
and adverse selection on the other, while, as we have seen, 
population-size will also have an eiftet. Thus in large populations, 
slightly deleterious mutations may be present with reasonable 
frequency, especially when recessive, and will then constitute a 
reservoir of potential evolutionary change, since their unfavour- 
able effects can generally be neutralized by appropriate combina- 
tions of modifiers (pp. 68 seq.). 

In some cases, as with haemophilia and other sex-linked 
rccessives in man, we know that the effect of a mutant gene is so 
deleterious that a comparatively high mutation-pressure must 
be postulated to account for its frequency. In other cases, changes 
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in external environment will alter the amount or even the sign 
of the selection-pressure on the gene. Thus an increase in temper- 
ature would favour the spread of the “thermal race” of Daphnia 
mentioned on p. 52, while the lowering of temperature durit^ 
the glacial period has doubtless led to autopolyploids replacing 
diploids at high latitudes in many plant species (p. 337). 

The same will be true of changes in the internal environment. 
Genes may have their expression altered by modifiers so as 
cntirclv to change their selective value (pp. 68 seq.). i: 

Meanwhile it is important to realize that the frequency of 
mutant genes represents an equilibrium between mutation- 
frequency and selection, that variability represents a further 
equihbrium between recombination and selection, and t^t the 
size and structure of the population will have effects on both 
these equilibria. 

We shall revert later to this last point. Here we will merely 
mention the important conclusion established by Sewall Wright 
(see Wright, 1940a), that the greatest amount of evolutionary 
potentiality is available to large species divided into partially 
discontinuous groups (subpccies etc.). The partid isolation 
between the groups favours iversity by local adaptation and also 
by drift and the establishment of non-adaptive recombinations: 
while the fact that it is only partial imphes that the variance 
provided by all the diversity taken together is potentially available 
to the species as a whole. 

Recent work has emphasized the importance of studies of 
population-structure for understanding the precise way in which 
evolution will operate in any particular species. Thus to take but 
two examples, Dobzhansky (iS4i} points out that certain theo- 
retical calculations as to the relation between the mutation-rate 
and the number of lethals actually found in a population vdll only 
o in unhmited populations. As the size of the normally in- 
breeding population is decreased, the number of lethals goes up. 
In Drosophila pseudoobscura, using this method, he was able to 
show that the size of inbreeding population-groups was quite 
different in C^fomia and in Central America. A region with 
smaller size of population-groups will show greater divergcixc 
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between its constituent popuktions and these will each show 
greater variability in time; further, in such a region, the type 
as a whole can only change throi^h the m^ation and selection 
of superior genotypes from small colonies. In general, the size 
of the constituent population-groups seems to be astonishingly 
small for an organism with such capacities for distribution (sec 
also pp. 111-2). 

In Drosophila hydei the situation is rather different (Spencer, 
1941). This is a tropical species which has become widely estob- 
lished in U.S.A. as a hanger-on of urban man. Each city and town 
is the focus of a single population-group. Each such population- 
group passes through tremendous fluctuations in size, becoming 
quite small in winter. It is improbable that genetic equilibrium is 
ever reached within such markedly fluctuating groups, and the 
rapid increases in numbers give abundant opportunity for the 
spread of new genes even against selection-pressure. Analysis 
showed, as was expected, that different populations differed 
markedly in the type and number of mutant genes that they 
contained. 

As Dobzhansky points out, \vc may say on the basis of such 
analysis that one of the most important recent evolutionary events 
has been the merging in the human species of small population- 
groups in a more or less freely interbreeding whole. 

In general it seems clear that from the standpoint of mathe- 
matical theory, existing mutation-rates will in moderately 
abundant Species suflicc, with the aid of scieaion, tor the dian 
tinctly slow processes of evolutionary change to be observed in 
fossils.* 

This statement is a deductive one made on theoretical grounds 
from the standpoint of mathematical analysis. In the remainder 
of this chapter we shall deal with more concrete aspects of the 
relation between Mcndelism and evolution. 

* In a stock like that of the horses, which shows a functional evolution that 
by geologic^ standards must be called rapid, the time needed to effect a change 
of specific magnitiidff is of thc Order of 100,000 generations, and to effca one of 
generic magnitude of thc order of 1,000,000 generations (Wells, Huxley and 
Wells, 1930, Book 4, ch, 8). 
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2. GENES AND CHAEACTERS 

A great deal of water has flowed under the bridges of biology 
since the early days of mendelian work, when mendelian factors 
were rigidly equated with mendeliang characters when only 
two states of a given gene were recognized, the dominant being 
supposed to represent its presence and the recessive its absence, 
and when all mutations and all mendelian genes were supposed 
to have considerable and obviously discontinuous efFccts.f 

To-day the notion of mendelian characters has been entirely 
dropped (sec, for instance, Sinnott and Dunn, 1932, p. 3o|i). The 
term may occasionally serve as a useful piece of shorthand 
notation, but is in point of fact a false conception. In the first 
place, a single gene may affect a number of characters, a phenome- 
non known as pleiotropism. Griineberg (1938), in an illuminating 
analysis, points out that pleiotropic effects may be reahzed in 
three different ways. In the first place, a gene may exert a direct 
effect on two or more distinct processes. The example of the 
effect of the series of white eye-colour allelomorphs in Drosophila, 
which also exert an effect on the shape of the spermatheca, is 
probably an example of this category. Secondly, a gene may 
exert a direct effect on a single process, but in many different 
sites and conditions. This holds for the primary action of the 
gene studied by Griineberg (1938) in the rat, which causes 
hyperplasia and abnormal growth of cartilage in the ribs, 
trachea, and elsewhere. Another and even more striking case is 
the array of anomalies in such different organs as eyes and feet, 
found in a particular strain of mice, which Bonnevie (1934) has 
shown are due to alteration in a single developmental mechanism, 
namely the causing of embryonic blebs of fluid at a. particular 
stage of embryonic development. 

The most interesting examples for our purpose, however, 
belong to the third category, of indirect effects. A gene exerts 
a primary direct effect, and this then causes numerous secondary 

* A valuable summary of d>e modem outlook, which treats certain aspects 
of the problem more fully than is possible it} a single chapter, it given by Ford 
in his little book, Mendtlism and Evolution (ii)34). 
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effects. Griineberg’s gene in the rat has a hyperplastic anomaly of 
cartilage as its primary effect. But among the secondary effects 
arc such varied “cliaracters” as emphysema, hypertrophy of the 
right ventricle, blocked nostrils, and incompletely occluded 
incisor teeth.* 

An equally good example is that of the frizzled breed of fowl 
(p. Ii8). Here the primary effect is entirely on the feathers; as 
^ secondary effect of the resultant abnormal heat loss, we find 
(in temperate climates) marked thyroid and adrenal enlargement, 
subnormal body-temperature, and much increased food-intake. 

Such secondary effects are excellent examples of what Darwin 
called “correlated characters”, which may be of great evo- 
lutionary importance (pp. i88, 206, 533). 

Furthermore, any given character represents the end-result of 
a great number of genes interacting with the environment during 
development, and is not inherited as such. What is investigated 
in any genetic experiment is the inherited basis for a constant 
character-difference. Thus a character-difference may be said to 
he inherired in mcndclian t.ishion, while the character cannot but 
even so the differential effect of a particular gene on the character 
need not by any means always be the same. It may alter according 
to differences in the environment, and also according to differ- 
ences in the remainder of the gene-complex. As an example of 
the first, we may take the wcU worked out case of “abnormal 
abdomen” in Drosophila (T. H. Morgan, 1915)* This eficct 
depends on a single partially dominant sex-linked gene; but it is 
only manifested in moist conditions. In dry conditions flics pure 
for the gene appear perfectly normal, while intermediates are 
produced by varying Agrees of moisture (see Gordon and Sang, 
1941, on the similar case of antennaless). 

An equally striking botanical case is that of a type of albmism 
in barley (Collins, 1927). dependent on a single gene. Whra 
grown below 6*5® C. the plants entirely lack chlorophyll, while 

* Waddington (iww) PoinB out dut ceruin ontogenwc events a« as "epi- 
genetic crises**, in that quite slight modifications of their course wiU have a 
considetabk effect on a number of characten. Thus alteratiwis in ** 
contraction of Drosophila are involved in mutant characters of legs, wings, 
bristles, etc. 
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above they are quite notmaL Between these limits the 

mutants produce a graded amount of chlorophylL Baiur’s classical 
case (1923} in Primula sinensis has now been shown to be due to 
faulty experimentation. For other plant cases see Lawrence and 
Price (1940). In Himalayan rabbits and Siamese cats (both simple 
recessives) black pigment is produced only below a certain 
threshold temperature. Normally only the extremities fall below 
this; but Iljin (1927, 1930) has experimentally produced pale 
extremities, and black on the body. Another Drosophila example 
is short-wing, a sex-linked recessive which at 27.5° C. mukedly 
reduces wing-length and affects eye-development. Howeyer, the 
effect falls away with temperature and is absent at 14° C. !(Eker, 
1935). Thus environmental changes may either mask or bring 
out the results of genetic difference. We must therefore distin- 
guish carefully between the nature of the gene and its expression. 
The gene itself can only alter by mutation; but its expression can 
be affected in a number of ways. 

The most revolutionary change has come in regard to the way 
in which the expression of a gene can be altered by other genes. 
The discovery of this fact has given us the two fundamental 
concepts of genic balance and the gene-complex. Thus the internal 
or genetic environment of a gene may produce effects upon its 
expression which are as striking as those induced by the external 
environment, and of course very much more important from the 
point of view of evolution. 

By genic balance we imply that individual genes act, not 
absolutely, in virtue solely of tlieir inherent quahties, but rela- 
tively, in virtue of their interaction with other genes. The concept 
was first reached by studies on sex. It was at one time supposed 
that in Drosophila and other forms with male heterogamety, one 
X-chromosome automatically determined maleness, and two 
femaleness. It has since been shown, however, that it is the 
balance of the X-diromosomes to the autosomes (A) which is 
operative. A ratio of i X to 2 A produces maleness, of i X to 
I A produces fcmaleness; while one of i X to about i'$ A pro- 
duces intersexuahty: Sterile “super-males” and “super-females” 
arc produced by ratios of i X to over 2 A and under i A 
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respectively. Here we can deduce that sex-determination is 
effected by the quantitative ratio between sets of male-determining 
and female-determining genes, though we do not know how 
many separate genes are involved in each set. 

The principle, however, appears to be of universal application: 
the effect produced by any gene depends on other genes with 
which it happens to be co-operating. The effects of modifying 
genes are the most striking examples. 

A classical case of the kind is the alteration in the hooded pattern 
of rats by modifiers (Castle an<i Pincus, 1928). The basic gene 
remains the same, but its effects may be reduced to a few specks 
of black on the head, or progressively extended over the whole 
back and most of the belly, by the agency of accessory genes. 
In cotton {Gossypium) differences in leaf-shape have been evolved 
in a precisely similar way (Sdow, 1941). 

Extending this concept, we reach tliat of die gene-complex. 
The enviromnent of a gene must include many, perhaps all other 
genes, in all the chromosomes. This gene-complex may be altered 
in numerous ways by mutation or recombination so as .to modify 
the effects and mode of action of particular genes, whether well- 
established ones or new mutations. We can thus distinguish 
between the genetic and the somatic environment of genes. 

Further, it is now known that a gene can exist in a great variety 
of allelomorphic forms (alleles), up to a dozen or more being 
known for single loci. The effects of these usually di&r in a 
quantitative way (though occasionally in a quahtative way as 
well), and the steps between the various alleles may be very 
slight. Multiple alleles are, in general, taken to represent different 
states of a homologous material unit. They thus constitute one 
type of gene-differences with quite small effects. Many modifien 
and cumulative factors such as those involved in quantitative 
characten also have small effects. In many cases the actual origin 
of such small differentials by mutation has been observed. Further, 
where a gene’s effect is small, the variations of expression, due 
to environment and to other genes, may readily cause an overlap 
with the phenotypic expression of an allele or of another gene 
with s imilar type of expression. Thus though genetic variability 
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must be discontinuous, its expression in measurable characters 
may become continuous. 

Even mutations which in one gene-complex are pathological, 
in another may be perfectly harmless, and in yet another advanr 
tageous. A striking example of this is provided by the work of 
M. Gordon (1931) on generic hybrids between the viviparous 
freshwater fishes Platypoecilus and Xiphophorus. Some strains of 
the former possess a gene for the production of large pigment- 
cells widb black pigment, responsible for a certain type of [Spotted 
pattern. When, however, this gene interacts with certain genes 
in the sword-tail {Xiphophonis), the pigment-cells produce ^ancer- 
likc melanotic tumours (Kosswig, 1929). 

Equally striking and curious results may occur as the result 
of the interaction of two gene-complexes in species-hybridization. 
As an example of this, we may dte an intergeneric pheasant cross 
recently described (Huxley, 1941b). The crosswas between a Lady 
Amherst pheasant {Chrysolophus amherstiae) and an impeyan 
pheasant {Lophophoms impeyanus), and the hybiid was a inale. 
The coloration of the males of both parent species is not only 
briUimt but varied. Thus the Lady Amherst cock has a black- 
and-white extensible “cape” on the head, a striking regional 
pattern on the body, and elaborately barred c^tral tail feathers; 
while the Impeyan cock is distinguished by brilliant patches of 
burnished bronze, green, and blue-back on its upper p^s, with 
white tump and buff tail. The hybrid, however, has most of its 
upper parts uniformly black, with mere traces of green and 
bronze iridescence, but neither regional patterning nor brilliant 
colouring. The lower parts and central tail feathers are mottled 
with brown, grey and white in various ways. This simple colour- 
scheme, by the way, cannot be considered to have any rever- 
sionary or “atavistic” significance whatever; it is simply that the 
delicately balanced gene-systems responsible for the two elaborate 
patterns have cancelled out, so to speak, to produce a wholly 
different and almost uniform coloration. It may perhaps be 
mentioned that in other characters the hybrid is intermediate 
(c.g. the slupe and size of the cape), and in still others shows 
obvious dominance (e.g. the blue face-skin of the Impeyan). 
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What wc may call partial genc-complexes may also arise in 
relation to the separate chromosomes into which the total gene- 
complex is divided. This has been demonstrated by Mather (1941) 
as regards what he terms polygenic characters — ^i.c. quantitative 
characters dependent on the co-operation and interaction of 
numerous genes. In Drosophila, the number of ventral abdominal 
hairs can be changed by selection so as to trangress the Umits of 
normal variability in both plus and minus directions (cf. Castle’s 
hooded rats, p. 65). But the effect of selection is exerted in two 
main stages. During the first two generations, a marked change 
is effected, which Mather interprets as being due to recombination 
of whole chromosomes. Then, after a period of relative stability 
for two or three further generations, a further and more marked 
change is produced, continuing for a number of generations; this 
appears to be due to recombination of originally Imked genes 
forming polygenic combinations for hair-number. Different 
polygenic combinations for this character have arisen in homo- 
logous chromosomes in different strains, each combination being 
balanced in that it contains both plus and minus modifiers of the 
character. Furthermore, a number of such combinations will tend 
to co-exist in a species with considerable out-crossing, since the 
delicacy of the balance (see below) is improved when the genes 
for a polygenic character are heterozygous. When selection is 
practised, crossing-over provides new and extreme combinations. 
(Cf. the more fully isolated partial systems of Darlington; p. 362*) 

No such balanced polygenic combinations can be detected in 
the modifiers of abnormal mutant characters, such as bar eye. 
Mather suggests that they will arise by natural selection in 
respect of wild-type characters, in order to prevent too great 
deviation from the normal, while at the same time affording the 
possibility of change under selection, through aossing-over 
providing a Umited number of extreme recombinations. Such 
polygenic combinations, like other features of genetic systems 
(cf. p. 136), are thus a compromise between immediate individual 
fitness and long-term evolutionary plasticity. 

To sum up the evolutionary bearings of recent discovenw 
about gene-complexes, we may say that evolution not only need 
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not occur by a series of sharp single steps, but is not likely to do 
so; each such step is immediately buffered, as it were, by ancillary 
changes in genes and gene-combinations which can act as modi- 
fiers for die major mutating gene and adjust it more or less com- 
pletely to the needs of the organism, though final adjustment 
may have to wait upon further mutation. In any case, what 
evolves is the gene-complex; and it can do so in a scries of small, 
if irregular steps, so finely graded as to constitute a continuous 
ramp. | 

When we reflect further that it is dicorcticaUy possible for a 
gene to alter its character radically by mutating step by small 
step from one member of a multiple allelomorph scries to another, 
we shall see that the discontinuity inlicrent in McndcUan genetics 
is no obstacle to the visible continuity revealed in paleontological 
evolution. Discontinuous germinal changes arc perfectly capable 
of producing continuous changes in somatic characters. Nor, as 
we shall set forth more fully later, is the pathological character 
of many mutations at their first appearance necessarily a bar to 
their final evolutionary utilization by the species. 

The divergence of two stocks will always involve the accumu- 
lation of different genes in the two hncs, each buffered by special 
modifiers and adjusted in its own way to other genes; and this 
wiU inevitably lead to a certain amount of disharmony on 
crossing, the Fi or later generations being less fertile or less 
viable, or both (sec discussion in Muller, 1939, 1940). The fact of 
internal adaptation within the gene-complex thus automatically 
helps to bring about the intcr-sterihty of species. 

3. THE ALTERATION OF GENIC EXPRESSION 

Let us take some examples of mutations, at first deleterious, being 
rendered innocuous. One of the most striking cases occurs in the 
meal-moth Ephestia kuhniella. Here a red-eyed mutant is known 
which shows considerably lowered viability. But when the 
recessive gene for red eyes is combined with another recessive 
gene for transparency of eyes, the double recessive is as viable 
as the normal wild type (Kiihn, 1934). 

A somewhat similar example comes from Drosophila. The 
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mutation purple (eye-colour) causes the duration of life to be 
considerably reduced. Another mutation, arc, affectingwing-shapc, 
produces nearly as great a reduction. But the two in combination 
cause much less reduction than either separately (Gonzalez, 1923). 
The figures (for both sexes together) arc as follows: 

Genes Length of life {days) 

Purple 24-54 Juo-iS 

Arc 26-81^^0-29 

Purple/arc 33 ‘71 ±0-34 

(Wild-type 39-47^0-28) 

Considering what severe effects arc exerted by the two genes 
separately, the favourable result of their combination is very 
striking.* Bricrley (1938) has worked out a means of determining 
the “selective index” of any gene-combination, and has obtained 
some suggestive preliminary results, also in Drosophila, on the 
general viability interactions of numerous genes. 

In a number of cases, the restoration of viability occurs gradu- 
ally in the mere course of maintaining the mutant stock. The 
classical analysis of this phenomenon is that of the eyeless mutant 
of Drosophila. 

Eyeless is due to a 4th-chromosome recessive gene. Its character- 
istics on its first discovery were that it considerably reduced the 
size of the eyes, in some cases to complete absence, decreased 
fertility markedly, and had a depressing effect on viability. After, 
however, a stock for eyeless had been inbred without any artificial 
selection for a number of generations, it was found tliat practic- 
ally all the flics had normal eyes and showed little reduction in 
either fertility or viability. On outcrossing to the normal wild 
type and re-extracting the recessives in F2, it was found that these 
once more manifested the original diaracters of eyeless, though 
in even more variable degree (T. H. Morgan, 1926, 1929). 

The explanation of these fects is that the manifistations of 
eyeless are readily influenced by other genes, and that in general 

* As the stocks used in this experiment were not “isogenic” in regard to their 
residual gcnc-complcx, an alternative explanation is possible, by which Ac 
increased viability may have been due to modifiers and not to Ae specific 
combination of the two main genes. 
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those modifiers which make for normal viability and fertility 
also make for normality in eye-size. Thus natural selection acting 
upon the recombinations of modifiers present in the stock 
speedily saw to it that the combination making for the mani- 
festation of reduced eyes was eliminated. In competition widi its 
wild-type allelomorpli, eyeless would be eliminated; but in stocks 
pure for eyeless, the genes to be eliminated will be the plus 
modifiers of the mutation. In broadest terms, there has been a 
selection of the most favourable gene-complex. 

A similar genetic modification of recessive mutations towards 
wild-type expression was found by "W. W. Marshall and Muller 
(1917) in Drosophila melanogaster for the wing-characters iiaUoon 
and curved. Still another example from Drosophila is the sex- 
linked mutation vesiculatcd, affecting the wings: this can be 
brought back to normal expression by means of autosomal 
modifiers (Evang, 1925). A very similar botanical ease is recorded 
by Harland (1932) for chlorophyll deficiency in cotton; in a way 
this is even more striking, since the original manifestation of die 
genes (in this case three pairs arc involved) was markedly lethal. 
Here again inbreeding and selection led to the production of a 
reasonably viable form, while outcrossing of this to normals 
caused the reappearance of lethal segregants. The genetic mechan- 
ism is similar to that operative in the classical ease of Castle’s 
hooded rats and the alteration of their pattern in cither plus or 
minus direction by an accumulation of modifiers (Casdc and 
Pincus, 1928), though the selective implications arc of course 
different. 

Selection of this type, it now appears, is a constant and indeed 
normal process. It has become almost a commonplace in animals 
used for genetic analysis to find that mutant types, which at first 
are extremely dilSicult to keep going, after a few generations 
become quite viable. Hiis has repeatedly occurred in Gammartis, 
for instance (Sexton, Clark and Spooner, 1930), and Mr. E. B. 
Ford tells me that it has often occurred in his cultures of otlicr 
mutant strains of the same species. A reccndy-dcscribcd example 
from Drosophila is that of white eye in D, obscura (Crew and 
L**ny, 1932). This recessive mutant was at first very delicate 
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but its viability improved progressively on inbreeding. A precisely 
similar course of events was observed in the hairless mutant of 
mice (Crew and Mirskaia, 1931), showing that the phenomenon 
occurs in mammals. In plants, wc have referred to cotton; an 
analogous case has been found in the nasturtium (Weiss, quoted 
by R. A. Fisher, 1931, p. 350). 

In all cases, the explanation is basically similar to that for 
eyeless. The experimenter, however, will also attempt to keep 
the mutant character sharp; he will therefore be selecting for 
combinations which keep the viability up without altering the 
visible expression of the gene, so that the process may take a 
little longer.* R. L. Berg (1941) finds that, owing presumably 
to this form of selection, dominance becomes more intense in 
laboratory stocks than in the wild (see p. 75 seq.). 

A converse effect is found when a gene, which in one species 
or variety is harmless, becomes deleterious on outcrossing. The 
explanation is that the expression of the gene in its normal 
situation has become so conditioned by favourable modifiers 
that it exerts no ill-effects; on outcrossing, however, it finds 
itself in a genic environment lacking some or all of these modifiers, 
and consequently expresses itself in ways unfavourable to 
viability. We have mentioned a case of this sort in Gordons 
fish crosses (p. 66). A stiSting example, particularly relevant to 
our present discussion, comes from Stockard s work (i 93 i> ^ 94 ^) 
on dogs. The St. Bernard breed shows various symptoms of 
hyperpituitarism that simulate the pathological condition known 
as acromegaly. Matings between St. Bernards give normal 
litters; but when the St. Bernard is crossed with the Great Dane, 
a breed that may be regarded as a simple giant type with no 
hyperpituitary characters, a considerable proportion of the Fi 


* Another method by which viability may be improved is by *5 

primary gene concerned. As an example, we may take the work of Mohr (193?). 
Wo stocks of vestigial-winged fruit-flics {Drosophtk meUmpgaster) were mat^ 
tained for a long time as inbred cultures. In bo* of *cm, the wmgs cventuaUy 
became almost normal. Analysis *owed *at *is was due to the selcmon * a 
less extreme allele of vestigial which had presumably arisen by mutatioi^^ 
full vestigial, and had then been favoured by sclecnon bewuse of its e^cme 
effects. An interesting point is that *ese nearly normal alleles were not identical 
in the two cases, but represented different steps in the multiple.series. 
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(and later) ofipring show serious disturbances during didr 
growA, notably hydrocephalus and paralysis of Ae hind limbs, 
Aese cfiects being ^arly of genetic origin. 

Man, it seems, has pushed the St. Bernard breed as far as it can 
go in Ae direction of large size, heavy jowl, and oAer edects of 
extreme or one-sided pituitary action; and in Ae process has 
amassed those combinations of modifiers which will protect Ae 
organism against Ae harmful effects of its exaggerated g landular 
development. When the breed is outcrossed, Ae protective genes 
are Aluted to a greater or lesser extent, wiA correspondiing ill- 
effects. The modem show type of bulldog has similarly been 
produced by selection for genes causing abnormal Ayroid 
structure and function; here Ae breed has been pushed still 
further towar A Ac glandular hmit, since a considerable proportion 
of males are partially or wholly sterile. 

An example in wliich genic expression is altered wiAout 
noticeable effects on viabAty is that of Ae hybriA between 
Drosophila melanogaster and D. simulans. About 50 per cent of 
Aese lack bmtles present in boA parent species— i.e. certain 
combinations of modifiers from the two parent species suppress 
the expression of certain genes controlling bristle development 
(Biddle, 1932). 

Excellent examples involving artificial selection have resulted 
from Ae work of R. A. Fisher (1935, 1938), who by repeated 
back-crossing introduced dominant or semi-dominant genes from 
domestic breeds of poultry, into Ae unselected gene-complex of 
Ae wild Jungle fowl. Polydactyly varies in its single-dose expres- 
sion* in domestic breeA. Punnett and Pease (1929) found it to 

* The term dominant has unfortunately been employed very loosely, some 
authors using it to mean that the heterorygote is ind«ting iii.hahli. from the 
homozygote, while others call a dominant any gene whose effects in single dose 
^ “htingu^ed at all: e.g. Bowater (1914) called the melanic form of the 
moth Aptecta nebulosa a dominant, although the heterozygote, as he himself goes 
on to state, has ;m intermediate expression; and all the so-called dominant muto- 
tions in melanogaster are either lethal in double dose, when, of course, 

the visible enect of the homozygote cannot be determined, or their heterozygous 
w less extreme than Aeir homozygous (e.g. abnormal abdomen), 
ror this reason, and because it is in many ways unsatis&ctory to have positive 
and negative terms, like dominant and recessive, to denote gradations in what 
B really a single scale of positive effects, I would si%gest that some odiet 
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behave usually as a complete dominant, but sometimes as a 
recessive and sometimes as an irregular partial dominant. To 
explain these facts, they postulated one dominant inhibitor pre- 
venting the expression of the gene for polydactyly, and a second 
capable of suppressing the action of the first. Hutchinson (1931) 
pointed out that a simpler explanation is provided by Fisher’s 
theory, according to which there is a single gene which remains 
constant, but whose dominance-relations difler in different gene- 
complexes. In the wild gene-complex, moreover, as Fisher 
showed, the homozygote can be definitely distinguished from 
the hetcrozygote by possessing larger extra toes, with more 
bones. What has happened is that an originally intermediate 
single-dose expression has, in most domestic breeds, become more 
complete. The gene for barred plumage behaves in a somewhat 
similar way. Most interesting are the results with the gene for 
crest on the head. In the wild gene-complex the crested gene in 
single dose produces crest alone; in double dose, however, it 
produces not only an unusually large crest but a cerebral hernia 
of deleterious character. In the Japanese silky fowl, no hernia is 
ever produced, and the effect of the crested gene is the same in 
single and in double dose. Thus firstly, the gene has become fully 
dominant in domestication in place of intermediate; secondly, 
its effect on hernia has been suppressed by modifying factors (cf. 
pp. 70, 79) ; and thirdly, in the wild gene complex, its two effects 
are of different type, the harmful hernia being fully recessive, the 
neutral crest being partially dominant. 

Another aspect of the adaptation of genic expression to the 
needs of the organism concerns the stability of expression of 
genes. Plunkett (1932), for instance, has analysed the fact, well 
known in general terms, that wild-type characters arc usually 
much less modifiable by changes in environment than arc those 
determined by mutant genes. His analysis was for the most part 

such as single^dose expression (or heterozygous expressivity) would be inorc suitable. 
Full siiiglc-dosc expression would then be equivalent to true dominance: zero 
single-dose expression to rcccssivity ; and truly intermediate expression to absence 
of dominance in which the hetcrozygote is intermediate between the two homo- 
zygotes. Timof6eff-Rcssovsky (i934^») with expressivity from a rather 

different angle. 
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restricted to tcmperature-cfects in Drosophila, but the principle 
can be widely generalized. The explanation is based on the fact 
that genes are in most cases concerned with the rates of processes 
(see Goldschmidt, 193 8<j). The curves expressing the rate of the 
proccy»es are in general obliquely S-shaped, tending to a final 
horizontal equilibrium-position (Ford and Huxley, 1929). In 
wild-type genes, the flattening is normally completed before the 
imaginal state (or corresponding definitive stage) is reached, 
whereas in the majority of mutant genes, the curve is still in the 
ascending phase at this stage. Thus quite small disturbances of 
curve will have marked effects in mutant genes, but very slight 
ones on wild-type characters. 

There can be no doubt that selection has been at work to adjust 
the rates of gene-controUed processes so as to produce this result 
in wild-type genes, thus conferring a high degree of stabihty on 
the characters concerned. As Plunkett further points out, the 
evolution of complete dominance, with which our next section 
deals, can be regarded as a special case of this principle, viz. that 
in general natural selection favours the genotype which produces 
the most stable and therefore uniform phenotype. 

Where special circumstances demand the contrary effect, that 
different conditions shall be met by quite distinct phenotypes, 
selection has often operated to produce plasticity of genic expres^ 
Sion. This plasticity, however, is usually of a special type, operating 
by some sort of switch mechanism, so that two or a few con- 
tmted pheiiotypes, each of them relatively stable, arc produced. 
The clMsical case is that of the environmental control of caste in 
soaal hyn^noptera, whereby the same genotype can be made to 
produ« either neuter or fertile females, and intermediates are 
rare aberrations. The same sort of mechanism seems to be at 
work m regard to the wmged and wingless condition of aphids, 
and in environmental sex-determination.* 

-f- by special 

balance resulting in polymorphism, as especially wTiElatJd^hl 

with polymorphic mimetic fonns (sec pp. loi, 122). by butterflies 
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4. THE EVOLUTION OF DOMINANCE 

R. A.. Rshcr (1928, 1931, 1934) has extended this concept of 
the alterability of gene-expression by modifiers to account for 
dominance in general, or at least for many features of dominance 
as found in nature. His argument runs as follows. Mutation is 
always throwing up new genes; the majority of these will inevit- 
ably be deleterious, since. in a delicately-adjusted system like the 
gene-complex most changes are likely to be for the worse unless 
compensated. Further, we know as an empirical fact that the 
msyority of mutations are repeatedly produced. Obviously the 
great majority of mutant genes will be carried in single dose, so 
t^t it will be an advantage to minimize any activity shown by 
them while in the heterozygous state. Thus, even when a harmful 
mutation at its first appearance shows considerable single-dose 
expression, i.e. manifests some or all of its effects when in the 
heterozygous state, then, if it be repeatedly produced (which is 
the case with most mutations), the way is open for it to' be forced 
into reccssivity by selection acting on the rest of the gene-complex. 
If it is relatively abundant (and recent studies of wild populations 
— c.g. C. Gordon (1936), Dubinin and others (1936), and Sexton 
and Clark (i936fl) — ^have shown the surprisingly high incidence 
of various recessives which they carry in the fly Drosophila and 
the shrimp Gammams respectively), selection may get to work on 
the homozygous condition, and render it also inactive. In such 
a way, as Fisher points out, mutations may be reduced to the 
rank of specific modifiers, normally inoperative, but exerting 
effects in abnormal gene-situations.* 

* 'As showily the intensity of the selection acting against certain <ecessive 
mutations, C. Gordon (1935) liberated 36,000 Drosophila melanogaster in England, 
where they are not endemic. The population originally contained 50 per cent 
of the recessive gene ebony (25 per cent pure wild-type flies, 25 per cent ebony, 
and 50 per cent heterozygous for ebony). After 120 days (s to 6 gennations) 
the frequency of the ebony gene had fallen to ii per cent. From the data it 
appears that some heterozygotes were selectively eliminated in each generation, 
as well as the homozygotes; this is in accordance with the fact that ebony has a 
slight single-dose expression. 

A further important fact is that in nature recessives are .almost wholly absent 
firom the X-chromosomc of Drosophila, where, of course, they are exposed 
(in males) to selection in single dose (p. 117). 

Dubinin and others (1936) found more than one detectable mutant (recessive) 
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In support of this view, we will dte some of the array of facts 
that show how readily the degree of dominance of a gene may 
be altered by the presence of other genes. The classical case is 
that of horns in domestic sheep (Wood, i<)05). The difference 
between homed and hornless breeds depends on a single gene- 
difference, but whereas a single dose of the gene for horns will 
produce horns in rams, a double dose is necessary in ewes. The 
same gene is thus dominant in the internal environment of males, 
but recessive in that of females. In fowls, Landauer (1937) fou^d 
that the gene for frizzled plumage, whose effects are normalW 
incompletely dominant, is converted into an almost comple^ 
recessive by the presence of a particular recessive modifier in 
double dose. Dunn and Landauer (1934, 1936), with the gene 
rumpless, which reduces the tail and posterior end of the body, 
were able to go further and to show that this could be converted 
either into a dominant or a recessive by crossing to different 
stocks, followed by selection for dominance or recessivity jrespec- 
tivcly. In mice, on the other hand, the gene for black, which is 
normally a complete recessive, can be converted into an incom- 
plete dominant by modifiers (Barrows, 1934). In Drosophila 
virilis, the dominant gene for rounded wings converts the gene 
for rufSed bristles from a recessive into an incomplete dominant 
(Lcbedeff, 1933). Mather and North (1940) describe a gene in 
m<fe whose only known effect is to modify the dominance- 
relations of the qqouti gene. 

A case of some historical interest is that described by Federley 
(1911) of the behaviour of white spotting in the larvae of the 
moth Pygaera. In P. anachoreta an unspotted variety is found, and 
this behaves as a simple recessive to the normal spotted condition. 
In P. curtula, however, only the unspotted condition exists. In 
the Fi of a cross between the two species, using the spotted form 
of P. anachoreta, spotting is expressed in an intermediate form, 
i.e. its dominance has been partially abolished. Twenty-five years 
ago, this fact seemed so remarkable that an authority such as 

allele in each wild fruit-fly! They also showed that various mutant genes altered 
in their frequency during three years, some becoming more and others less 
frequent. 
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Sturtcvant (1912) was disinclined to accept it: to-day, however, 
such alteration of gene-expression by modifiers has become a 
commonplace. 

We need not multiply examples. It is clear that the dominance 
of a gene can be radically modified according to the genic 
environment in which it happens to find itself. 

The next step is to show that this undoubted fact of the modifi- 
abihty of the degree of dominance has been utiUzed in the course 
of evolution to make most commonly-recurring mutatioirs 
recessive, so as to reduce the degree of their heterozygous expres- 
sion, including that of the decreased viability which accompanies 
most mutations at their first appearance. 

In cotton, Harland (1933) and Hutchinson and Ghose (1937) 
have studied the mutation crinkled dwarf. This occurs in the Sea 
Island variety of Gossypium barbadense, and is there a complete 
recessive. When crossed to unrelated strains of die same species, 
it is not completely recessive but shows a low degree of single- 
dose expression. 

When, however, the mutation was introduced from G. 
barbadense into the related species G. hirsutum (upland cotton) 
there proved to be a complete absence of dominance of the 
normal type. The Fi is intermediate, so that at first sight we 
might imagine the single-dose expression to be about 50 per cent; 
but the fact that the Fa gives a large and unclassifiable range 
shows that die degree of dominance must be under the influence 
of a number of modifying genes. This is confirmed by the results 
of back-crossing the Fi species-hybrid bearing die crinkled dwarf 
gene to various strains of G. hirsutum. In certain lines, complete 
or almost complete reccssivity of crinkled dwarf was re-estab- 
lished, while in others the single-dose expressivity was rendered 
accurately intermediate, the heterozygote class being clearly 
separable from either homozygote. As Hutchinson and Ghose 
have clearly shown, the results entirely support R. A. Fisher’s 
views. Later work (see summary by Harland, 1941) has shown 
that it also occurs as a very rare mutant in G. hirsutum. The 
barbadense crinkled shows intermediate single-dose expression in 
the Fl with hirsutum, but is recessive -when transferred to a pure 
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hirsutum gciic-coniplcx. When, however, hirstitum crinkled is 
transferred to a pure harbadctise gene-complex, it behaves as an 
intermediate. 

Harland (1941) develops the diesis that the dominance of 
normal alleles in cotton may be built up in a considerable variety 
of ways. Thus the character petal spot in both barbadense and 
hirsutum is based primarily on a main gene which, however, 
exists in diflcrcnt alleUc forms in the two species. But whereas 
in barbadense die action of this main gene must be reinforced by 
a number of plus modifiers to produce its full effect, in hirsutum 
the main gene is stronger, and requires no (or feiy) modifier^ 
As corollaries of these facts we find (i) that in barbadense, this 
modifiers exert some positive action (a small spot) even in die 
absence of the main gene; (2) the gene for barbadense spot trans- 
fmed to the hirsutum gene-complex has a very weak effect, and 
the petals arc barely spotted; (3) the gene for hirsutum spot trans- 
ferred to the barbadense gene-complex is reinforced by the 
modifiers there present, and produces a spot which is larger and 
mote intense than any previously known; (4) crosses of the 
spotted forms of the one species with the unspotted of the other 
give a graded F2 with all intensities of spotting; (5) the F2 from 
the unspotted forms of the same two species produces some spots 
as large as normal barbadense— Ic. due to recombination of 
modifiers only, presumably from both species. In G. arboretm 
yet a third method of producing the spotted character is found: 
there is no main gene, but spotting depends on the genes that in 
barbadense act as modifiers, but here must be called a multiple 
factor series or polygenic combination. 

Huland suggests that if a character is of advantage to the 
species, it can be more readily retained, in spite of recessive 
mutation, if its expression depends on several genes. However, 
diis condjision docs not seem justified. The advantage of the 
method of using a sin^e main gene together with modifiers 
would rather seem to lie in keeping the expression of the rhar^^^r 
rclativdy constat in the normal range of enviro nm ental condi- 
tions, but retaining a considerable reserve of potential variability 
to meet new or extreme conditions. The single-gene control will 
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give greater stability, the purely multifaaorial control (by 
“modifiers” only) will give greater plasticity. Single-^ene control 
will permit the charaaer to be more readily lost under die 
influence of selection or by drift. Presumably in correlation with 
this, in hirsutum, where spot depends on one gene only, the spot 
character has been lost in all but a few rare variedes. 

To return to crinkled dwarf, the same principles apply. Norm- 
ality (non-crinkled) in barbadense depends on a single strong 
allele, like spot in hirsutum. NormaUty in hirsutum, on the other 
hand, depends on a weaker main non-crinkled allele, together 
with a number of modifiers. These not only encourage the domin- 
ance of normal over crinkled, but make the pure crinkled forms 
more normal, both in appearance and viabUity. By rigorous 
selection, new combinations of modifiers have been obtained 
which render the hirsutum crinkled practically indistinguishable 
from normal. When the two species arc crossed, using the normal 
of one and the crinkled form of the other, F2 ranges from forms 
which are phenotypically normal through all grades of crinkling 
to “super-crinkled” types which are almost lethal. The petal spot 
experiments demonstrate two types of dominance. In hirsutum 
the Fisher effect is clearly operative, with modifiers aiding a weak 
“normal” gene, and also modifying the recessive towards 
normality. Recessive modification is much harder where a nearly 
dominant main gene exists, as in barbadense. This may then be 
due to an extension of the Haldane effect (p. 82), by selection of 
“stronger” normal alleles. Harland and Atteck (1941) consider 
that this also operates for crinkled dwarf in some species, but the 
evidence is not decisive. They further point out that the Haldane 
effect is likely to be more important in self-fertilized forms, where 
the Fisher effect cannot so readily be produced (Haldane, I 939 «)- 
Where both types occur, as in Gossypium, doubtless “accidental” 
events such as the time of occurrence of suitable mutations, will 
determine which mechanism evolves (see also Silow, I 94 i)' 

An important empirical fact which was among those that led 
Fisher to promulgate his tlicory is that of the behaviour of 
multiple alleles. In almost every case so far investigated, the wild- 
type ^ele shows complete dominance over all the lower members 
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of the series, whereas these when crossed with each other show 
intermediate expression. Thus the normal red colour of the eye 
in wild Drosophila is completely dominant over white, ivoryi 
eosin, cherry, and all the other members of the white allelomorphic 
series: but white crossed with eosin, or ivory with cherry, gives 
an Fi with eyes intermediate in colour between the two parents. 

The exception proves the rule: and the exception to this rule, 
to which attention was first drawn by Ford (1930), concerns die 
effect of this same series of genes upon an internal character | of 
apparently no selective value. Dobzhansky (1927) had shown d^at 
the genes of the white-eye series affect the shape of the spermR- 
theca to a small but constant degree. Whereas, as we have seen, 
the genes are all recessive to wild-type as regards their effects on 
the eye, they show intermediate expression as regards this second- 
ary effect on the spermatheca. The body-colour genes of the 
ebony-sooty scries show the same efiect on the spermatheca, and 
the same differential expression as regards their effect on the 
external and the intern^ character (except that ebony body- 
colour is not wholly recessive). The most obvious explanation 
is that selection has been operative in modifying the expression 
of the disadvantageous external character, whereas no such effect 
was called for, or has been produced, with regard to the harm l f!« 
secondary internal effect. We may also compare the different 
dominance-relations of the deleterious and harmless effects of the 
crest factor in fowls (p. 73). 

It is worth, noting that this differential expression of the gene 
as regards two characten affected by it cannot be reconciled with 
any ri^d form of the “inactivation” theory of recessiveness. This 
extoision of the old Presence and Absence theory, which is 
obviously untenable in its original form, claims that the degree 
of recessivity corresponds to the degree of partial loss or inactiv- 
ation suffered by the gene in mutating to one or other of its 
massive allelomorphs. It is clear from what we know of actual 

ficicncy-mutations, in which a portion of the chromosome is 
missing, that loss may produce effects of the same nature as 
geno-mutations (sec, e.g., Mohr, 1920, who showed that that 
loss of the white locus produces an ultra^hite effect more intense 
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dun white itself), so that the inacdvadon theory may sometimes 
apply. But the demonstration that some genes can become 
dominant or recessive according to the gene-complex shows 
that it can at best have a partial application. It is also notewordiy 
that the true absence of a gene in ultra-white produces some 
effects (spermatheca shape) which are not recessive! 

As R. A. Fisher (1931) points out, the majority of the characters 
of most domestic breeds, or at kast of the most obvious charact^ers, 
especially of pattern and colour, depend on mutations recessive 
to the wild type. It would seem clear that man has here taken 
advantage of two facts, first that more or less recessive mutations 
are commoner in nature and secondly that they can be readily 
fixed by mating two similar individuals, in order to utilize striking 
and more or less recessive characters during his selection. Further- 
more the natural tendency to concentrate for breeding purposes 
on individuals showing a character in more extreme form will, 
in the case of genes originally largely recessive, then automatically 
encourage the production of complete recessivity. If, however, 
the gene had more than intermediate single-dose expression, 
selection would tend to make it more dominant. Thus in general 
man’s artificial seketion will tend to encourage either complete 
dominance or complete recessivity, though for reasons quite 
other than those operative in nature. But, as mentioned, the 
distinguishing characters of domestic breeds in most species are 
usually recessive. 

The chief exception occurs in poultry, where the majority of 
“domestic” characters are partially or wholly dominant. Fisher 
(1931) suggests that this difference is due to the fact that in 
the countries of their or^in, the domestic forms, even to-day and 
more so in earlkr times, would frequently be mated by wild 
cocks. In such a case, recessives could not readily be fixed, whereas 
partial dominants would at kast reappear in every generation; 
thus dominants would tend to be bred into the race by a natural 
seketion of man’s selective processes. A further effect would be 
that the degree of their dominance would be increased, through 
die new varieties being almost wholly heterozygousrand through 
man selecting the most striking individuals from which to bre^ 
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We have seen (p. 72) that his experimental tests have confirmed 
this hypothesis. 

Marchlcwski (1941) has recently confirmed Fisher’s theory in 
dogs. Here, black was originally dominant over yellow; how- 
ever, in the dingo and in various domestic breeds, yellow has 
become dominant through the selection of modifiers. 

The reccssivity of characters in other domestic species is not 
so nearly universal as Fisher was at first inclined to think (Castle, 
1934, on various species; J. A. F. Roberts and White, 1930, apd 
J. A. F. Roberts, 1932, on sheep). It seems clear, however, that 
man, by his breeding methods, has modified the singlc-dc^ 
expression of wild-type genes in his domestic anim als, accentuat- 
ing the recessivity of those with low, and the dominance of those 
with high single-dose expression; and that while this will result 
in most species in a preponderance of recessive breed-characters, 
in poultry it will tend to a preponderance of dominant ones. 

It should be stated that Wright {1934a) does not agree with 
Fisher’s views on the evolution of dominance, but wishes to 
ascribe recessivity to partial inactivation of the gene (p. 80). 
An alternative hypothesis for the origin of the recessive clutfacter 
of most mutations has been given by Haldane (1930; and see 
I 939 «*)- This is based on an interesting view as to the mode of 
action of genes, namely, that different multiple allelomorphs 
produce different amounts of some substance, but only up to a 
certain saturation value : beyond this they can produce no pheno- 
typic effect. Thus any mutation in a minus direction below this 
level can be detected, but those in a plus direction cannot. In 
consequence a number of different multiple alleles of different 
strength, but all above that needed to give the saturation value, 
may readily accumulate without being phenotypically detected. 
If now minus mutations occur, Haldane suggests that, in order 
(I speak teleological shorthand) to prevent their visible and 
viability effects from being manifested in the heterozygotc, those 
higher alleles will be selected which in combination with the 
mutation will not fall below saturation level. 

In other words, higher members of the series will be selected, 
and visible dominance will be the result. Ford, however, has 



MENDELISM AND EVOLUTION 83 

pointed out that the saturation level itself wiU be detemiihed in 
relation to the residual gcne-complcx, so that even here the 
action postulated by R. A. Fisher may be operative, though in 
some cases in addition to tlie Haldane mechanism. In any case 
bodi suggestions involve selection acting upon other genes than 
the mutant. Since the above was written. Ford (19406) has shown 
that the Fisher efiect can be artificially produced, llie currant- 
moth, Abraxas grossulariata, has a single-gene wild variety (Jutea) 
with yellow instead of white ground-colour, which normally 
gives an intermediate Fi with wild type. By four generations of 
plus and minus selection. Ford has conferred both complete 
dominance and complete rccessivity upon the gene. 

Sewall Wright (1929, 19340) attacks Fisher’s general conception 
on the ground that the selection-pressure available will be 
inadequate to achieve the results envisaged. However, there 
seems httlc doubt that dominance of the “normal” wild-type 
allele has been evolved; and Plunkett and Muller independently 
(sec Muller, 1935) have shown how the need for stability of gene- 
expression in development will secondarily result in the evolution 
of dominance. 

Whatever the precise method employed, it seems clear that 
dominance and recessiveness must be regarded as modifiable 
characters, not as unalterable inherent properties of genes. 
Dominant genes, or many of them, are not bom dominant: they 
have dominance thrust upon them. Mutations may become 
dominant or recessive, through the action of other genes in the 
gcne-complcx. The evolution of dominance is thus seen to be in 
large measure an adaptation to the deleterious nature of most 
mutations. 

R. L. Berg (1941) points out that tlic intensity of dominance 
will be selectively balanced against the accumulation of deleterious 
recessives which it makes possible, and tliat it will tend to be 
decreased in species consisting of incompletely isolated groups. 
The extra plasticity thus conferred upon such species vnll be in 
addition to that deduced by Wright (p. 229). 

As another example of an adaptation of the genetic mechanism 
itsdfiFisher (1930a, p. 15) cites the plasticity conferred by sexuaUty. 
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For one thing, it will permit evolutionary advance by the com- 
bination of new mutations. If several favourable mutations occur 
in a population in a given time, then in a sexual cross-fertiliaing 
species they can be combined. But if the species is asexual, they 
will almost certainly remain isolated, each confined to one, line; 
for them to be combined, one mutant must be selected until 
it has become tlic main type, and only then will a second favour- 
able mutation have a chance of becoming combined with the 
first. I' 

In the second place, it will permit recombination to throw 'Up 
new gene-combinations and so to use the existing genetic vai^- 
ance of the species to alter the type quickly in relation to chang^ 
conditions. Thus it promotes both progressive specialization (see 
Chapter 9) and plasticity in response to the changes and chances 
of the environment. In addition, as Fisher (1932) stresses, it has 
a function to perform in relation to the deleterious nature of most 
mutations. For, by allowing recombination, it permits mutations 
to appear in homozygous form, and thus facilitates the elimination 
of the more deleterious. Elimination will be greater when the 
frequency of homozygosis is increased by inbreeding or self- 
fertilization. Thus variations in the type of sexual reproduction 
will alter tlic emphasis of its evolutionary function (Darlington, 
1939) : evolutionary plasticity will be more encouraged by cross- 
breeding, evolutionary stability by inbreeding. Inbreeding will 
also promote both the rejection of unfavourable and the spread 
of favourable mutations (see also pp. 136, 140). 

Recombinational plasticity wiU be especially valuable when 
conditions vary and become less favourable. This is doubtless the 
reason why so many organisms adopt some method of asexual 
reproduction (which is more efficient qua reproduction) so long 
as environmental conditions arc favourable, but resort to a sexual 
process as soon as they become unfavourable. This is so, for 
instance, with many protozoa, rotifers, lower Crustacea, and 
aphids. 

The biological meaning of tliis has been clearly brought out 
by careful genetic studies on Paramecium and other ciliates 
(Jennings, 1929). It lias been found in general that conjugation 
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causes an inciease of genetic variability in the resultant population, 
and that while (as in h^her organisms) the msyority of the new 
t)'pe may be regarded » unfavourable, some are actually or 
potentially better-adapted than those prevailing before conju- 
gaticm. Thus conjugation will in many cases provide an increased 
chance of throwing up a recombination better able to cope with 
unusual and unfavourable conditions. Precisely similar results 
have been obtained with lower Crustacea by Santa and his 
colles^ues (see Davenport, 1933). 

Attention is elsewhere drawn (p. 113) to the action of the 
impulse to migrate in unfavourable conditions. This also confers 
plasticity on a species, but in this case by increasing the range of 
environmental opportunities available to a given hereditary 
constitution, instead of increasing the range of hereditary consti- 
tutions available to cope with given environmental conditions. 
This, however, can hardly be called an adaptation of the genetic 
mechanism. 

On the other hand, the peculiar reactions of the crossing- 
over mechanism to temperatures may well, as Mr. E. B. Ford 
has suggested to me, fall into this category. In Drosophila, the 
best-investigated case (Plough, 1917), crossing-over is least at 
temperatures close to the optimum for the species, and increases 
rapidly both with increase and with decrease of temperature. 
Increased crossing-over will, of course, have the effect of increasing 
the recombination of the genes located in a single kind of chromo- 
some, and this will have a considerable effect in a form like 
Drosophila where the chromosomes are few in number. Un- 
favourable temperatures will thus increase the genetic variance 
available to a population. 

The discovery of the position-effect (pp. 48, 92) allows us 
to deduce certain ways, previously quite unsuspected, in which 
the evolutionary mechanism must itself have evolved. If, as now 
seems established, it is the case with some or all genes that inter- 
action with near neighbours in the same chromosome affects 
their expression in an important way, then it is clear that all the 
genes within a given chromosome must be delicately adjusted' to 
each other so as to produce a harmoniously functioning whole. 
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Any given gene most be adjusted to its neighbours within a 
<xrtain chromosome-distance either way; the genes at the hmit 
of this range will be adjusted both to the gene at our hypo- 
thetical starting-point and to others further away, thus conferring 
a certain organization on the chromosome as a whole. 

This involves a new conception of chromosomes. Up till quite 
recently, it was possible and usual to regard them as mere vehicles 
for the carriage and distribution of the hereditary constitution, 
without any functional organization of the genes they contained. 
These were assumed to be arranged at random, like colou^d 
beads picked up haphazard by a blind man and threaded oii a 
string; and tbeir positions in the chromosomes were not sup- 
posed to have any relation with their effects on visible or other 
characters. 

. Witli the discovery of the position-effect, however, this 
assumption, as a hard-and-fast principle, has gone by the board. 
Although many genes affecting one character arc scattered 
irregularly through the chromosomes, and genes affecting 
different characters are often contiguous, yet some degree of 
non-random arrangement docs occur (Morgan, Schultz and 
Curry, 1940). Basically, and in origin, their arrangement doubtless 
is random, and what we know of the frequency of sectional 
rearrangements (pp. 90, 362) shows that genes must often change 
their neighbours in an essentially accidental way. But this random- 
ness must then be given a functional polish: neighbouring genes 
must be adjusted to each other by new mutation and by recom- 
bination. To continue our metaphor, the blind man’s necklace is 
looked at, and colour disharmonies arc got rid of by choosing 
new beads of the same general colour but shghtly different 
shade. 

The same general type of adaptation to position-effects has 
been necessary as with dominance in relation to gene-mutation. 
Indeed, the “weakening” of genes in abnormal positions (Dob- 
zhansky, 1936, p. 376) indicates diat a disproportionate fraction 
of the single-dose expression of dominant genes is determined by 
their relations with their immediate neighbours. In addition, 
functionally-balanced groups of genes affecting polygenic 
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characters will be evolved within the separate chromosomes 
(Mather, 1941 ; see p. 67). We must to-day consider chromosomes 
not as being purely mechanical gene-vehicles, but to a certain 
degree as organic gene-arrangements. 

5. TYPES OF MUTATION 

So far, under the head of mutation, wc have been considering 
only gene-mutation or point-mutation, i.e. the substantive 
alteration of a definite unit-region of die chromosome outfit. 
But various other kinds of mutation are also known to occur 
and wc must devote a brief section to these. 

In die first place, there arc genome-mutatious, involving one or 
more whole sets of chromosomes and therefore of gene-outfits. 
The normal diploid complement of chromosomes of a species 
may become doubled (autotetraploidy). Or reduction may fail 
to. occur, und a diploid instead of a haploid gamete may be 
formed. Or, as a result of the union of a normal gamete widi 
a diploid one, however formed, auto-triploid forms with three 
genomes may result. 

Tctraploidy in nature may also result from a cross between two 
species, when the corresponding chromosomes from the two 
parents do not pair before mciosis and the hybrid is therefore 
originally sterile. If, however, the chromosomes of a cell divide 
but not the cell-body itself, all descendants of tliis cell will be 
tetraploid, and the two members of each kind of chrbmosome 
can act as mates at reduction. The result will be that the gametes 
have complete genomes from cither parent. This is known as 
allotetraploidy, and its actual origin has been observed in Primula 
kewensis, the fertile hybrid between P.forihuuda and P. vcrtieillata. 
In this case the original hybrid was sterile, and the fertile type, 
with larger leaves and flowers, arises sporadically in cuttings, 
from a cell in which chromosome-doubling has occurred. 
Allotetraploidy is almost confined to plants, because of the 
favourable conditions provided by their vegetative growth for 
the rare chromosome-doubling to (x:cut and to give rise to 
reproductive tissue, and because of their lack ol the sex-chromo- 
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some mechanism normal to animals, which would not function 
after chromosome-doubling (Muller, 1925; see also p. 142). 
For polyploidy in animals sec Vandcl (1937). 

The presence of six, eight, and more genomes in a strain or 
species is also known, again almost entirely in plants; presumably 
the eondition is usually consequent upon species-crossing (Chapter 
6; and Darlington, 1937, p. 65). 

In all genome-mutations, the genome-units may be approxi- 
mate only, sometimes with loss and sometimes with gain;.of one 
or a few chromosomes (aneuploidy). 

Triploid and other anisoploid strains with an odd number of 
genomes arc relatively rare in nature, and cannot notmally 
reproduce themselves sexually, since the chromosomes of one 
genome cannot find mates. But allopolyploids and other strains 
with an even genome-number can mamtain themselves.* Such 
polyploidy has undoubtedly been of considerable evolutionary 
importance in plants. One method of species-formation is by 
allotctraploidy after crossing (p. 341). But apart from this, 
polyploidy of any kind, so long as not excessive, by multiplying 
the number of gene-pairs of each kind in the hereditary consti- 
tution, confers long-range potential variability and plasticity on 
the species. For different gene-pairs may mutate in slightly differ- 
ent ways, giving a gradation of new recombinations. High auto- 
polyploidy, however, by virtually suppressing the chance of 
manifestation of recessives, reduces plasticity. It appears that 
the phenomenon has been of importance in the evolution of 
higher plants, where scries of related forms with two, four, six, 
and higher numbers of genomes often occur. Polyploidy has also 
undoubtedly contributed to the evolution of many cultivated 
plants, notably the cereals and cotton. (Sec also pp.-335 scq.). 

The second type of chromosome-mutation is that of the 
admtion or subtraction of single chromosomes. This again appears 
to be much commoner in plants than in animals. It has been 


J originally produce many inviablc gametes, owing to 
R.,, of chromosomes by fours instead of by pairs before mciosis. 

»ir.r. to show that this condition, too, may be adjusted by sclec- 

1936) reasonably truc-brccdii^ forms (Darlington, 1937; Muntzing, 
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tjbiMXHighly investigated in the Junson weed, DMra stramonium, 
by Blakesiee and his coUaboratois (1928). The conuntniest case 
is t^te one kind of chromosome is represented three times 
instead of twice in the hereditary outfit. Such trisomic mutants, as 
dhey ate called, show greater differences from normal than do 
ordinary gene-mutants. They also show reduced viability due to 
the quantitative upset of gene-balance which they cause. 

In Datura, these types cannot become fixed, since no pollen 
with an extra chromosome is viable. Thus aU viable pollen-grains 
will contain n chromosomes, while the ova will be either n or 

«+ I. 

It would seem, however, that in the evolution of some plants, 
the condition has become stabilized; but this is always in polyploid 
forms, where imbalance is not so readily brought about (p. 349). 

The third type of chromosome-mutation is the sectional, 
involving only parts of chromosomes. For its occurrence and 
evolutionary bearings in Drosophila, see Muller (1940). One form 
of this is known as deficiency and involves the loss of a portion of 
a chromosome. This is known to occur not uncommonly in 
Drosophila, but is here and probably elsewhere of little evolu- 
tionary significance, since homozygous deficiency is usually 
lethal 

The converse is known as duplication, when a portion of a 
chromosome comes to be repeated, occurring twice instead of 
once, either m the form of a translocation to another chromo- 
some, or of a “repeat” within the same chromosome, often 
immediately adjacent to its original position. Small “repeats” of 
this type ^ve been shown by the salivary gland technique 
to be not infrequoit in Drosophila, and are of considerable 
evolutionary importance. They are of immediate importance, 
since the iteration in genic balance would usually produce 
definite but not deleterious effects. They are of much greater 
ultimate importance, since Aey constitute the chief method by 
which the number of genes is increased, thus providing duplicate 
factors, and the opportunity for slight divergent specialization of 
homologous genes, giving great deUcacy of adjustment. In this 
respect they would appear to be a good deal more important than 
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the earlier-detected and more spectacular process of duplicating 
whole genomes by autopolyploidy (see pp. 334 seq.). 

The next type of semonal chromosome-mutation includes 
all involving spatial rearrangement of sections of two kinds 
of chromosomes. The most important form of this is redproed 
translocation or segmental interchange. When this occurs, two 
chromosomes brei and exchange fragments. The precise mechan- 
ism need not concern us. It can be induced with greater frequency 
by X-rays, and appears to occur where chromosomes actual]|r or 
almost touch each other. It is known to occur or can be deduced 
to have occurred in a number of plants, and in Drosophila ^d 
certain other animals. I 

In Datura, over forty so-called “prime types”, which diCer 
from each other merely by rearrangement of segments of die 
chromosomes, and which appear to owe their origin to reciprocal 
•translocations, are known to occur in nature; they do not show 
visible differences. Different prime types differ in their geograph- 
ical distribution. 

Owing to certain peculiarities of chromosome behaviour, these 
prime types in Datura tend to persist as such, even after 9. cross. 
This is in effect a form of isolation and should eventually give 
opportunities for mutation and selection to produce visible 
differences between the various chromosomal types. 

After crossing between two prime types, the hybrid type will, 
owing to certain chromosomal pecuUarities, be reproduced as 
such in later generations, without rearrangement due to crossing- 
over, as well as the two pure types. If now a recessive ledud 
mutation occurs in one of the chromosomes which have suffered 
segmental interchange, the prime type containing that chromo- 
some cannot be reconstituted, as a double dose of the lethal is 
ex hypothesi fatiJ. Since lethals are relatively common types of 
mutation, one may readily occur also in eorresponding portions 
of the chromosomes derived from the other prime type. If so, 
and if we are dealing with an inbreeding group, we shidl have a 
condition of “balanced lethals”, and only the hybrid chromosome- 
combination will be capable of survival. 

Wherever much segmental interchange has occurred, follow^ -v 



MBNDELISM AND EVOLUTION 9I 

by loii^-contmued intercrossiiig between the resultant prime 
types, we may expect to find balanced-lethal and therefore 
permanently hybrid combinations. And once diese come into 
existmee, they can differentiate still further by the accumulation 
of gene-mutations. 

This, in actual fact, is what appean to have occurred in the 
evening primroses, Oenothera (see Renner, 1925, and Cleland, 
1928; and summary e.g. in Dobzhansky, 1937). One known 
species (O. hookeri) is of normal chromosomal behaviour, but all 
the others present balanced-lethal chromosome combinations of 
greater or lesser extent. The chkf evolutionary significance of 
these phenomena would appear to lie in its providing a special 
method of species-formation (see pp. 139, 329), It is, however, of 
historical interest since occasional crossing-over will give apparent 
mutations (really recombinations of large blocks of genes); and 
on the basis of these de Vries advanced his mutation theory. 

Small translocations of various types seem to occur quite 
frequently in Drosophila. They have probably been of some, 
though secondary, importance in initiating the dififerentiation of 
species (Dobzhansky and Tan, 1936; and see p. 362). 

As final form of sectional chromosome-mutation we have 
inversion, in which one segment of a chromosome becomes 
reversed within the chromosome as a whole. Quite large or very 
small portions of the chromosome may become inverted. Here 
^ain fhe frequency of the process may be accelerated by X-rays. 

Crossing-over, of a type which will give viable offspring, 
cannot occur in the inverted section of a chromosome paired with 
a normal mate. This being so, inversion may produce a distinct 
type, homozygous for the inverted chromosome, in addition to 
the normal; in some cases, in fact, hybrids between the two types 
will not be able to reproduce so firecly, because of the death of 
cross-overs. Tlic tesultant isolation of the two types of chromo- 
some will permit their differentiation. More tlm that, selection 
will tend to erect barriers to intercrossing, so that the resultant 
waste due to die reduced fcrtihty of die hybrids may be avoided. 
In. consequence, the two types may develop into distinct species. 
This mediod ofspedation is discussed in Chapter 6 (p. 329). 
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We may here again mention the curious and unexpected 
phenomenon of the position effect, according to which the mere 
fact of rearrangement of genes produced by inversion, etc., may 
cause a difference in their visible effects, thus simulating mutation 
(Dobzhansky, 1936). Indeed, studies like those of Muller (Muller, 
Prokofyeva, and Raffel, 1935) make it probable that a large 
number of the genetic changes in Drosophila previously ascribed 
to gene-mutation are in reality due to such “position-effects”, 
produced by inversions of very small sections of a chromosornjc. 

It has been suggested by some authors that what are normally 
called gene-mutations are in reality only the effects of snlfdl 
rearrangements. However, Mackenzie and Muller (1940) have 
recently demonstrated that there is a real distinction tetween ^ 
two types of mutation, since ultra-violet radiation can produce 
true gene-mutation, but not the chromosome-breakage needed to 
effect sectional rearrangements, however small. This is pritna facie 
evidence that the substantive changes due to true gene-mutation 
do (as is to be expected) play a part in nature, in addition to the 
organizational changes due to rearrangement of pre-existing units. 

From the point of view of evolution, however, the significance 
of such changes will be very similar to that of true or substantive 
miitation; the changes produced will be inherited according to 
Mendelian laws, and will be of small extent. 

Muller (1930) has also pointed out that if two homologous 
chromosomes with different but overlapping inverted regions are 
brought together by crossing, crossing-over will result in a new 
type of chromosome containmg one region in duplicate. Such 
small duplications will have visible effects, and may also be em- 
ployed as sources of evolutionary change. Recently the discovery 
of the giant chromosomes in the salivary glands has converted 
Drosophila from a very bad to by far the best material for detailed 
chromosomal study, permitting the cytologist to produce a 
detailed map of the visible structure of its chromosomes and to 
detea even minute inversions and other rearrangements. It is as 
if an astronomer armed only with Galileo’s telescope had been 
suddenly equipped with a 50-inch refleaor. 

The use of this method has shown that rearrangements of 
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segioeats of dx; chromosomes are far commotier, and have played 
a much larger part in evolutionary processes, sudi as the diflfer- 
cntiation of species, than was previously supposed. We have just 
mentioned the important role of small inversions within a single 
specks. When we compare related species (e.g. Dobzhansky and 
Tan, 1936; Dobzhansky, 1937), we find they are distinguished 
by numerous characteristic difierences in segmental arrangement. 
Drosophila pseudoobscura and D. miranday for instance, are so 
closely related that they will mate and produce healthy (but 
sterile) offspring. The chromosomes of the one are approximately 
homologous with those of the other, but some segments have 
been translocated to other chromosomes, and numerous segments 
have been inverted, so that some sections of certain chromosomts 
show “profoundly different patterns”. Other sections, however, 
remain approximately similar. On the other hand, it is probable 
that such changes only pave the way for full separation, the later 
stages of speciation being effeaed by a series of single gene- 
mutations (see p. 359, and Muller, 1940). 

In barley, however, Gustafsson (i94i)&ds that induced sectional 
rearrangements occurring simultaneously with induced gene- 
mutations are most likely to give favourable results, as providing a 
new internal environment for the new gene (cf. pp. 67, 552). 

But in spite of the frequency of these larger types of mutation, 
it would seem that gene-mutation, together with the “pseudo- 
mutation” due to position efiects, is the most important source 
of evolutionary change. 

6. SPEQAL cases: MELANISM', POLYMORPHISM; 

FLUCTUATING POPULATIONS 

Before proceeding further in our main argument, however, we 
must turn aside to discuss certain special cases which illustrate 
various points concerning neo-mendelism and selection. 

{a) Melanism in moths 

The first of these concerns the phenomenon of melamsm in 
moths, which has played a prominent part in recent evolutionary 
discussiom. The facts may be summarized as follows: 
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In Ae first place, Acre is no doubt that melanism among many 
has become much more frequent during (he last century, 
and that this change has been associated with industrialization: 
the predominance or abundance of melanics occurs in large cities 
and in industrial areas * In some cases (he entire population of an 
area has become melanic Descriptions of the historical course of 
events have been given for Britain by Harrison (1920&, 1932), 
and for the continent by Walther (1927). and by Hasebroek 
(1934). A summary of their genetic basis is given by Ford (i|37)- 

As regards their origin, Harrison (1928, 1935) claimed thit he 
had been able to cause melanic forms to appear, in two spades 
belonging to different genera, by means of incorporatiig l^ad 
and manganese salts in the food, and that the induced melanism 
behaved as a mcndelian recessive, as does the naturally-occurring 
but very rate melanism of these spedes; (in a third species in 
which natural melanism is dominant, and has shown industrial 
spread, he abandoned the work after only preliminary results). 

However, repetition of the work on a large scale by Hughes 
(1932) and Thomsen and Lemcke (1933) has failed to confirm 
these results. R. A. Fisher (193 3<i) has also critidzed Harrison’s 
views as involving a mutation-rate much higher than any obtain- 
able by X-ray treatment. Further, all industrial melanism is due 
to dominant genes (see below). It would seem best to assume that 
some error has been at work, and that no true induction occurred. 
If so, then melanic mutations must, like otlier recurrent mutations, 
have been thrown up sporadically for a long period, but have 
spread owing to the altered selective conditions of an industrial 
environment. Numerous cases of sporadic melanism which have 
not become more freqient recently ate known in moths as in 

* It has been claimed by Harrison that melanism is also commoner in coastal 
areas: Ford {1937). however, shows that this conclusion is certainly not universal. 

Hardy (1937) states that slight but defmite darkening has occurred in the 
house-sparrow (Passer domestkus) in the Liverpool area. It will be of interest to 
sec whether this change, too, will show progressive spread. Sporadic melanism 
has occurred in the passerine West Indian bird Caereba fiavtola^ producing four 
separate melanic island subspecies. In some cases the replacement the normal 
by the black form has been followed during recent historic times. Furtibeemore, 
almost all island forms of the genus ate somewhat daiiter than the mainland 
forms (Lowe, 1912). Two cases of recent spread of melanic mutants in manuiu^ 
arc considered later (pp. 103, 104). 
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otho: grcH^ An mtercsting case is Bomnm ^ctersaria. This 
shows industrial melanism in Germany; but in Britain it docs 
not enter industrial areas, and the melanic type has remained 
sporadic. A survey of industrial melanism reveals that the intensity 
of darkening varies from species to species. As regards its genetic 
basis, no case of r^cssive melanism is known to have shown 
industrial spread. Industrial melanism always depends either on 
a single dominant gene, or on multiple factors each exhibiting 
complete or partial dominance (Ford, 1937). 

As regards its physiological effects, numerous authors have 
shown that dominant or partially dominant melanism confen 
extra hardiness and viability. Ford (1940!) has shown in Boarmia 
repandata that in highly unfavourable conditions (feeding on 
alternate days) the ratio of melanics emerging (on an expectation 
of 50 per cent) goes up from about 54 to about 70 per cent. He 
has also (1937) pointed out that, in spite of this physiological 
advantage, dominant melanic forms in non-industrial areas have 
not shown any spread or increase in frequency. 

He accordingly concludes that recessive melanism is due to 
genes which have been forced to become recessive by selection 
of modifiers, on account of their deleterious cflfects on viability. 
Dominant V melanism, on the other hand, has favourable effects 
on viability, but in normal conditions is kept in check by counter- 
selection operating through natural enemies, the type forms beii^ 
definitely cryptic in coloration, while the melanics stand out 
sharply against the normal background. A balance is thus 
reached, with a low percentage of melanics. 

In industrial areas, however, the counter-selection in favour of 
the type is not so strong, since the background is darker. It has 
been suggested that in some cases ecological selection would here 
be reversed, and the dark forms become better protected by 
background resemblance. Detailed counts by Harrises, however, 
have shown that in some species at least this is not the case. In 
industrial areas it is fimher to be expected that many natural 
enemies of the adult would be reduced in numbers or absent, 
so that selection for concealment would be less stringent. As a still 
further possibility, it appears probable that in the chemically 
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iinfav ftiirfthle environment of industrialism, the greater hardiness 
of melanics would have an increased advantage. 

In any case, accordii^ to Ford’s general hypothesis, die balance 
betwe^ opposed selective forces is in industrial areas tilted in 
favour of the niclanic variety, with the result that this has speedily 
increased and in some cases has completely ousted the original 
type. The strength of the selection acting i^ainst melanics on 
account of their coloration is shown by the fact that in one 
species, although the melanic is mote cold-resistant, and has sp|ead 
in industrial areas, it is not found so far north as the normal.* : 

It would appear that on no other hypothesis can the laclq of 
spread of dominant melanics in rural areas and their spread\in 
industrial areas be reconciled. If so, we have one of the most 
striking demonstrations of the efficacy of selection. 

(b) Genetic polymorphism 

Genetic polymorphism, or the co-existence of two or more 
genetically-^termined and well-defined forms (“phases”) of a 
species in the same area, presents certain peculiar problems. We 
speak of polymorphism when the difference between the yarious 
forms is sharp, or at least expressed as a bi- or multi-modality in 
a frequency curve of variability; when the equilibrium between 
them is relatively stable ; and when the frequency of the least 
abundant is high enough to make it certain that it is not due 
merely to mutation-pressure (see Ford, 19400). Polymorphism 
most be clearly distinguished from normal variability, however 
extensive, which vtiU ^ grouped in a single unimodal fiequency 
curve. The existence of separate forms or distinct modes is an 
essential characteristic of polymorphism. 

Since we are here concerned only with genetic polymorphism, 
we can neglect all such cases as those of the social hymenoptera, 
the seasonal forms of certain butterflies, etc., which are determined 
envircMimcntally. We can also neglect the particular type of 

* In certain cases, the melanic form has spread from its original industrial 
area into surroimding non-industrial country, with a decreasing frequency- 
gradient. If the selective balance in favoiu: of non-melanics in non-industrial 
areas is slight, this is to be expected as the result of mere population-pressure: 
cf. Samncr*s views on population-pressure in subspecies of Peromyscus (p. 187). 
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genetsc pdiymoif^m involved in the genetic detsnnination of 
two sexes, since this is primarily maintained not by a selective 
balance but by the inherent nature of the genetioreproductive 
mechanism: the same applies to heterostyly in plants. Paulian 
(1936) applies the term genetic to certain cases of polymorphism 
in Quie insects where the forms are discontinuous and not to be 
explained by simple allometry (heterc^ony). Until, however, 
the developmental basis of this phenomenon has been ascertained, 
it is better not to assume dut it must be genetically determined: 
see also Huxley (1932, Chap. 2, § 5). 

The interest to the evolutionist of genetic polymorphism within 
a hsely interbreeding population is that, as R. A. Fisher (1930a) 
was the tint to point out in general terms, it must always involve 
a balance of selective advantages between the different types. 
For, ex hypothesi, mutation-pressure alone will not account for 
the facts, and it can readily be shown that in the absence of 
selective balance, one type would rapidly oust the other from 
any considerable representation in the population. 

There are two distinct methods by which this balance is actually 
effected — genetical and ecological. 

(i) hi the case of genetical balance, the heterozygotc is more 
viable or enjoys some other selective advantage over either of 
the homozygotes. (For simplicity’s sake we will cemsider only 
cases involving dimorphism: trimorphism will occur, as in 
certain species of foxes, when the heterozygote di&rs in appear- 
ance from either homozygote, or in other cases, as in Papilio 
polytes and P. memnon, when two interacting gene-pairs are 
involved (Ford, 1937), and polymorphism when two or more 
non-interacting gene-pairs are involved.) This may occur in two 
ways. Eidier the gene itself is less viable or even lethal in homozy- 
gous condition; or it is closely linked with a recessive lethal, which 
exerts no e&ct in single dose but is lethal when homozygous. 

Owing to the diiEculty of proving a negative, no certain case 
of the former additions is known, thou^ the mutant curly in 
Drosophila meUmogaster is a possible example. In the conditions 
of ordinary laboratory cultures, this maintains itself indefrnitsly, 
giving a dimorphism with wild-type. It does this because it is 
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dmost fully lethal whm homozygous, but usually rather m<HC 
viable than wild-type when heterozygous. As, however, it is 
locked within an inversion, the possibility of linkage, either with 
a fedial or with die gendf for the increased viability, is not ex- 
cluded. Of linkage with a lethal, however, two examples have 
been thoroughly worked out. In the case of die butterfly Argymis 
paphia, over most of its range an occasional second form of femak 
occurs, known as valesina, in which the ground colour is dull 
green instead of rich brown. This form is usually rare, bijh in 
some localities constitutes 5 to 15 per cent of the female popu- 
lation. Goldschmidt and Fischer (1922) showed that ual^na 
depends on a dominant gene closely linked with a rcccsiuve 
lethal; they were able to break the linkage, thus obtaining bropds 
with all females of the vaksim type. In China and ne^hbouring 
areas almost all the wild females are valesina. This well shows the 
relativity of the term normal as applied to organisms in nature. 

A similar situation exists in the American Clouded Yellow 
Butterfly, Colias philodice (Gerould, 1923). Here a white female 
variant exists, and normally constitutes 4 to 20 per cent of wild 
females. As wtith Argynnis, the rarer form is due to a dominant 
gene linked with a recessive lethal, and Gerould was able to 
separate die two genes. In one area the white type is the more 
abundant. The situation as regards selective advantage is com- 
plex. The lethal must have some advantage {a) when hetero- 
zygous, as it is (in Colias^ more widely spread in the population 
than the dominant colour-gene; {b) in association with the 
dominant colour-gene, since the linkage, though not very close, 
survives in nature in most areas. The dominant colour-gene 
must also have some advantage in association with the ledial 
to balance the wast^e arising from homozygosity. Where it is 
homozygous m nature, the advantage must come from association 
with some other gene. 

Numerous cases, as yet unanalysed genetically, are known m 
nature where polymorphism, as with Argynnis paphia, exists in 
<me area of the rai^e of the spedes but not in another. A fainiliar 
ocample is the common ted squirrel, Sciftrus indgaris, which is 
always red in some areas, e.g. Britain, but both ped and bladt in 
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mountainoas parts of &irope (Liihring, 1928). Otho- cases are 
nicntione 4 in Chapter 5 (pp, 184, 203). In some it would appear 
tliat a new area has been colonized exclusively by individuals of 
one type, which presumably then is not linked with a full Icdial, 
hut eii^r is linked with a gene somewhat reducing viability, 
or is die type which is less advantageous than die Icthal-linkcd 
form. In other cases the lethal linkage may have been broken, as 
with Argynnis and Colias. 

H^hly polymorphic species exist in nature among land-snails, 
such as the common Cepaea nemoralis and C. hortensis (A, Lang, 
1908), with their vast range of ground-colour and degree of 
banding; grasshoppers (grouse-locusts, etc., Nabours, 1925'; grass- 
hoppers, Rubtzov, 1935*); and certain fresh-water fisli such as 
Lebistes (Wingc, 1927). In these cases the polymorphism appears to 
depend on the phenomenon of close linkage within each, chromo- 
some or of the obligatory association of many whole chromo- 
somes to produce a similar cf&ct to close linkage (Fisher, 1930I1; 
Diver, 1932). In these circumstances, a recessive lethal will prevent 
the free rccombinadon of any favourable mutations in the same 
chromosome. Thus, since recessive lethals arc common types of 
mutation, whole chromosomes will have to compete with each 
other, instead of selecdcm being able to act so as to produce an 
approximation to a single “best” combination of genes. Further, 
since homozygotes cannot live, there must be at least two different 
forms of each of the chromosomes which contain lethals; the 
different combinations of these will of necessity give a variety 
of forms; and this variety will itself be subjected to selection so 
as to give the best balance, and the least waste throu^ excess 
mortality of one or some of tb; forms. In the land-snails, die 
interesting fact thas been discovered diat the frequency of the 
different types of banding has remained about (he same sines the 
neolithic period (Diver, 1929), showing diat the balance is an 
enduring one. Hk problem, of course, remains as to why the 
close linkage has become a characteristic of the species in die 
first instance, since no obvious advantage inheres in such a 

* Parallel variations occur here as in Cenaca^ but in much more stttkuig 
fashion, since they alTect a large numbor of related specks and indeed genera 
(P* 
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cimditionu HaMane (1930; and see discussion in Ford, 1934. 
p. 84) has suggested that it is due to translocadon of segments! 
&om (MIC duromosome to anodber. The unusual phenomoion of 
die dominance of the mutant types over a “luiiversal recessive” 
would then also be accounted for, since the mutants would possess 
the translocated segment in duplicate, both in its original and its 
new position. FurAer, if, as is to be expected and as appears 
actually to be the case, the translocation is less viable when 
homozygous, we could dispense with lethal genes as an ex}^- 
ation of the selective balance reached. 

The common sea-anemone Metridium senile exists in a numW 
of strikingly diderent colour-varieties. D. L. Fox and Pantin (1941) 
enumerate eight, including white, red, brown, grey, and various 
combinations of these; in addition, there is much variation in 
the intensity of the colours. The difierent forms occur in different 
proportions in different localities. The various colour-types 
depend on the interrelation of (i) lipochrome, giving colours 
from red to yellow; (2) brown melanin, restricted to the ecto- 
derm; (3) black melanin, restricted to the endodetn. There 
seems no doubt that the main types are genetically determined, 
and differ in their metaboUc properties, and also that the colour 
is here adaptively non-significant, but correlated with some basic 
physiological difference. Fox and Pantin conclude that selection 
is weak as between the different colour-varicties,and that this will 
account for the existence of the numerous phases. We have seen, 
however, that a selective balance is required for this, and experi- 
ments on the physiological and ecological differences between the 
varieties should yield interesting results. There arc the additional 
complications that asexual reproductions occurs, and that sing le 
individuals can persist for great lengths of time, perhaps even 
indefinitely. 

In the Mexican fresh-water fish Platypoecilus maculatus, M. 
Gordon (1939) has found well over 120 patterns in a state of 
nature, mostly dependent on the recombination of 15 gene-pain. 
This is a remarkable degree of polymorphism for a wdd species, 
especially as colkctions dating from 1867 indicate that it is a 
bahuiced one. Furthermore, as in the other examples we have 
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cited, related species and genera {Xiphophorus) present mudi 
parallel variation. Some of the excessive variation, however, is 
apparendy due to the fixation of “accidental*’ characters by drift 
(sec pp. 58, 128). A quite different type of balance occurs in 
variable plant species which consist of numerous ecotypes (pp. 
275,^^76). 

(ii) Ecological balance, on the other hand, depends eidier on 
a diminution in the degree of selective advantage due to increase 
of frequency of one or all of the polymorphic forms above a 
certain level, or on an alternation in the amount or type of 
selection due to alteration in the environmental conditions. The 
best examples of the former concern mimetic butterflies. Either 
all the forms are mimetic, or one is non-mimctic and the other 
or others mimetic. If a mimetic form happens to become too 
abundant relative to its model, the protection afforded by the 
resemblance will diminish. Where certain mimetic forms are 
wholly absent, the corresponding models are also found to be 
missing. In any area, a balance will thus be struck, depending on 
relative abundance of models, intensity of predation, and viability 
fiictors (p. 191), 

Among the best-analysed examples are those of Papilio polytes 
and Hypolimnas duhius. In the former case, only the females are 
polymorphic, existiilg in three forms, two mimetic and one 
non-mimedc. The species is a successful one, able to live outside 
the range of its models: it is then, of course, monomorphic, all 
females being non-mimedc. 

It seems clear diat where models are available, mimicry confers 
a definite advantage, but one which diminishes rapidly with 
increased frequency of the xnimedc forms. 

In Hypolimnas duhius, both sexes are alike, and are dimorphic, 
with two mimedc forms (see pp. 123-4). For the details of the 
genedc basis of the condidon, readers arc referred to Ford (i937)- 
In general the equilibrium due to ecological selective balance may 
be broadly compared with the effects of mass acdon in chemistry. 

As a matter of fact, Papilio polytes appears to illustrate a combin- 
adon of genetic with ecologiod control, since the two mimedc 



102 evolution: the modern synthesis 

forms, both of which arc dominant, arc more viidile in the 
heterozygous than in the homozygous condition. 

Various authors have regarded as a theoretical difficulty die 
fact that such enormous difTcicnccs in pattern, and even shape 
and habit, obviously involving many independent characters, 
can be controlled by a single gene. It should, however, be clear 
that once a mutant type is established, conferring even a small 
mimetic advantage, the residual gene-complex can imdcrgo 
evolution of the same nature as what we have discussed in 
previous sections (pp. 98 seq.). But here the extent of such mo^fi- 
. cation may be pushed much further, with a result that is l^t 
described, not as a modification of the visible effects of Ihe 
original gene, but as an addition of various new effects, all^f 
which, however, arc dependent for their expression on d)ic 
presence of the original gene. Presumably this change in the gene- 
complex will depend more on new mutation and relatively less 
on recomlnnation of previously existmg genes than in e.g. 
alteration of dominance (see Ford, 1937). 

We may put it in another way by saying that the original 
gene-difference comes to act as a switch controlling the action 
of numerous mutant modifying and modifiable genes, precisely 
as occurs in the ease of the primary sex-difference in regard to 
genetically sex-limited characters. There is no reason for, and 
every reason against, postulating the sudden origin of the whole 
pattern by one mutation. Further, the frequent superficiality of 
the characters by which mimetic resemblance is achieved shows 
that the resemblance cannot have arisen through parallel muta- 
tions occurring and being preserved owing to similarity of 
conditions (see Punnett, 1915; Cott, 1940, p. 405). The apparently 
cryptic colour-polymorphism of certain stick-insects and mantids 
may have a similar ecological basis. The egg-colour polymor- 
phism of the cuckoo. Cumins canorus, is largely related to die 
risk of ejection by the host (Jourdain, 1925; Huskins, 1934). 
The different egg-colour strains arc presumably balanced in 
relation to host-abundance. 

In die ruff {Machetes pugnax) polymorphism is confined to 
maks in the breeding season, and the number of distinctive 
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types is esSnKJfdiimy. No odser lard rivals it Ford 
p. 501) suggests ditf die cuniakdve efiea <m females of c^play- 
stiniuladon by numerous males at a common courting-ground, 
(p. 480 Darling, 1939; Huxley, 193 8fl) promotes maximum vari- 
ability. Mayr and Rand (1937} cite a peculiar and striking dimor- 
phism in tail-coloration in die bird RhipHura brachyrhyncha. 

Polymorphism is much commoner than usuiJly realized, 
e.g. in birds and mammals only, it emsts amot^ squirrels, foxes, 
bears, cats, owls, herons, hawks, skuas, etc. 

Next we come to cases where chaises in external environment 
determine the ecological balance, not those in internal conditions 
(relative abundance of the separate types). We have mentioned 
the common squirrel (p. 99. For plant ecotypes, see p. 275). 

Elton (quoted by Ford, 1934, p. 83) has found Aat in die red 
fox {Vulpes fulva), which shows trimorphism, the “cross” type 
being apparendy a heterozygote between red and silver, the rare 
silver type changes in its relative frequency in a regular way 
during each of the lo-year cycles of abundance to which the 
^ledes is exposed (p. in). In this species. Cross (1941) finds a 
rough polymorph-ratio dine (p. 222), red beii^ commoner to 
the S., silver and cross to the N. (and sec p. 185). 

The arctic fox {Alopex lagopus) is dimorphic in winter (blue 
or white). Only the white type cxxmrs in Kamchatka, and only 
the blue in certain Alaskan islands; while on the Alaskan main- 
land a N-S gradient is found, the white type decreasing in fre- 
quency with latitude. (See also p. 217.) 

Here any selective advantage afforded by the white cxiat in 
winter must presumably be offret by some disadvantage, probably 
connected with viability, for the blue type to be able to exist in 
numbers at all. Ihe primary basis of ^ dimorphism (as in die 
red fox) is thus a genetic balance. But environment may somewhat 
alter this equilibrium, so that the balance is in part also ecologicaL 

A remarkable case where the relation with environmental 
conditiom is more direct is that of the hamster {Cricetus cricetus), 
as described by Kirikov (1934) and Timofeeff-Ressovsky (1940)- 
About 250 years ago the naturalist-geographer Lepdkhin noted 
duct in a cettain region of Russia blai^ faam^en were unusually 
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pievaient Since then, the statistics of the Russian for-madkets 
have enabled biologists to trace the steady spread of the black 
type, nntil to>slay, throughout a broad zone aloi^ the northern 
lx>rder of the range of the species, black forms are in the majority 
and in some areas are present to the total or virtual exclusion of 
the typical greys. This area coincides with the sub-steppe (wood- 
steppe) chmatic zone, and is cooler and moister than the steppe 
region proper, which forms the main home of the species. In the 
steppes the black type occurs only as an occasional aberration. It 
seems clear that the black form enjoys some selective advants^ 
in the sub-steppe area, while it is at a disadvantage in the dner 
steppes. \ 

In the bird Coereba, the recent replacement of the typical by 
the melanic form on certain West Indian islands appean to 
similar (pp. 940, 203). In other cases, although the actual proccs 4 
of spread has not been followed, we can be certain that it is 
uJung place. For instance, m the brush opossum {Trichosurus 
pulpecula), melanic variants are very rare on the AustraHan main- 
land. In the Tasmanian subspecies, however, they are common 
Pearson (1938), from an examination of many thousand skins, 
was able to plot a contour (“phcnocontour”) map of the relative 
frequency of the black type, with contour lines (“isophenes”) 
marking regions of a given frequency. In the first place, he was 
able to show that neidier an isolated small island oflf the north- 
west, nor another on the north-east on the course of the sub- 
merged land-bridge from Austraha, contained black animals 
except as aberrations; this demonstrates that the abundance of 
the black type must have arisen after the isolation of the sub- 
species in Tasmania. The north-west comer of Tasmania contains 
only black opossums, while on parts of the east coast the pro- 
portion is under 25 per cent. There is no correlation of the 
ficequency of blacks with climatic gradients. The suggestion dut 
the black type appeared (whether by new .mutation or by the 
crossing of two carriers of the black gene in single dose) in the 
north-west, and is gradually extending eastwards, is confirmed 
by conditions on the narrow-necked Tasman peninsula. This 
shows a markedly lower frequency of blacks Am the adjacent 
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zone of dje main island: it seems dear dut the mctretne narrow- 
ness of its nedc has hindered the spread of the bLuh gene. 

It is interesting to note that Tasmania is cooler and moister 
than Australia, so that the similarity to the case of the black 
hamster is very close. Humidity also favours melarusm in Coereba. 

Another case where a phenocontour map of a mutant type has 
been plotted, and examinadon of the map shows that spread of 
the mutant is occurring and is being impeded by geographical 
barriers, is that of the simplex condition of the teeth in the field- 
vole Microtus arvalis in north-central Germany (Zimmermann, 
1935)* The aberration here consists in the absence of the last 
ridge of enamel on the molar. Here the simplex condition occurs 
in over 90 per cent of individuals in Schleswig-Holstein, with 
zones of decreasing frequency to west, south, and east. The 
mountains of central Germany have proved a complete obstacle, 
while certain large rivers have obviously hindered the spread of 
the character. This case is genetically slightly more complex, 
since various gradations in the expression of die character occur, 
and not only is the character more frequent in the presumed 
centre of origin, but also more extreme in type. It is further worth 
noting that the gradient in simplex-frequency bears no relation 
to another character-gradient or cline (see p. 206) within the 
species, namely, the gradual east-west darkening and reddening 
of the coat-colour across the north German plain. 

In the last two cases, the polymorphism may be regarded as 
transient, since the spcdcs or subspecies appears to be moving 
from a condition in which a given character is rare, maintained 
only by mutation-pressure, to one where it is universal, again 
apart from the rare and sporadic occurrence of its allele. This is 
theoretically to be distinguished from true polymorphism, in 
which a state of balance between the contrasting types is indetin- 
itely maintained, but it will not always be possible to distinguish 
the one condition from the other (Ford, 1940(1). Thus Southern 
(1939) has shown that the bridled variety of the guillemot {Uria 
aalge) increases northwards from 0.5 per cent or lower to well 
over 50 per cent of the total population, in a fairly regular 
gradient. There is, however, no way as yet of telling whether 
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the two types are indefinitely balanced against a climatic gradient, 
Es wiA the arctic fox, or whctlicr the bridled type is spreading at 
the expense of the “normal”. The owl Megascops diows a centri- 
fugal dine between red and normal fercy) forms in U.S.A. 
{Hasbrouck, 1893); while that between dark and light fulmar 
petrels is rather more complex (p. 217). 

Mather {1941) has recently propounded a possible genetic 
explanation of dines in such apparently non-adaptivc characters. 
He suggests that the gene responsible is linked with one of two 
balanced polygenic combinations within homologous chromo- 
somes (see p. 67), affecting some other character, and that this is 
related to some environmental condition. The mean developn^t 
of the character will be adjusted by the relative frequency of 
two combinations, and thus the frequency of the linked gene w|ll 
also vary in relation to the environmental gradient concerned. 
One may add that the same result would be obtained if one of 
rhe genes in the polygenic combination were pleiotropic and also 
produced the visible efiect (e.g. bridling). 

A frequent condition found in nature is that of regional or 
geographical polymorphism, when two or more contrasted forms 
are confined to different regions. Thus in the moth Spilosoma 
tnendica (Ford, 1937), the normal condition is for the male to be 
dark, die female white. In Ireland, however, the males as well as 
the females are white, and this condition (variety rustica) is known 
sporadically on the European continent. Such a state of affairs 
may represent the final stage of a transitory polymorpliism, in 
an area which favours the spread of an alternative type (cf. tlie 
brush opossum, p. 104), or be due to colonization by one only 
of the two forms (and sec p. 262). Elsewhere, the condition may 
represent the end of a dimorph-ratio dine. Thus, in Aaipiter 
novae-holtandiae (p. 184) such a dine culminates at either end in 
an area exdusively inhabited by one of the two forms. Again, 
the white form of the palearctic moth Leucodonta bicohm, 
abundant in the cast, decreases westwards and is absent in the 
extreme west (Suomalainen, 1941). 

We may conclude by referring to the floral dimorphism of 
h%her plants, even thot^ that is solely or mainly environmmtal 
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or devdojmeafal m its determination, not genetic. Hotal dimor- 
j^hisin is concerned vridi the relation between cross- and self- 
pollination. (See Elemer and Oliver, 1902, for a good general but 
K>inew})at out-of-date account; Uphof, 1938, for ddstogamy; 
p. 140 for gynodioecism; Mather, 1941, for hcterostyly.) 

Strictly speaking, the term dimorphism should perhaps only 
be employ^ when whole plants of distinct type arc found. This 
occurs in most cases of gynodioedsm, c.g. in the common 
plantain PlatOago lanaoUta, the viper’s bugloss Echium vulgare, 
etc, where some plants produce normal hermaphrodite flowers, 
while odiers have only female (pistillate) flowers, whkh are 
sometimes smaller dian the hermaphrodite ones; in a few cases 
of deistogamy, such as the balsam Impatiens noli-me-tangere, 
where in addition to plants exclusively producing the normal 
showy flowers, others may occur bearing only the inconspicuous 
and pomanently dosed cleistogamous flowers adapted solely to 
self-pollination (as well as still others with both types); and in 
hetcrostyly. Mather (1941) has an interesting discussion on the 
evolution of hcterostyly (see also Mather and deWinton, 1941). 
He points out that an illegitimacy reaction appears to be compul- 
sorily associated with hcterostyly, and is the chief bar to inbreed- 
ing. Homozygous thrum plants, which normally do not occur in 
nature, are less viable than the heterozygotes or the recessives 
ypms). lliis reversal of the usual rclanons of dominance to via- 
bility must be due to the accumulation of deleterious mutations, 
in the region adjacent to the thrum gene, which will only exist 
in nature in a heterozygous condition; this is similar to the 
accumulation of loss mutations in the Y-chromosome, which h<^ 
led to its almost total inertness (p. 138). 

If conditions demand greater stability and therefore increased 
inbreeding, in some cases selection may reverse the intensity of 
the illegitimacy reaction. Since commercial sced-raisen prefer 
sdfing, this hu occurred with cultivated species, c.g. Primula 
smemis. Here the fertility of illegitimate rdative to diat of legiti- 
mate poUinatitHis has almost doubled since the experiments of 
Hildebrand and Darwin in 1864 and 1877. Another possilrility 
is the sdbctiOTi of mutants giving homostyk plants which are 
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then capabk of self-pollination. This has occurred in nature 

(sec pp. 222, 3 t 3 )- . ctl.- t 

In a few cases of hetcrostyly, sudi as certain spoaes of Pnnmla, 

the two types of flowers also have different-sized corollas. In 
some cases the “pin”, in others the “thrum” type is thus distin- 
guished. The meaning of these last conditions is obscure-. Kcrncr 
and Oliver (1902) suggest that the smaller size of corolla is 
associated with the type where autogamy is more prevalent, and 
cross-pollination accordingly less essential; but this Dr. Mather 
informs me is not in accord with experimental facts. j/ 

It is also quite logical to use the term dimorphism for typojs in 
which two distinct types of flower are produced on the s^c 
individual plant, as occurs in most cleistogamous forms (species 
of Viola, Glechoma, Lamium, Oxalis, Helianthmum, Jumts, many 
grasses, etc.). Further, it is perhaps even legitimate to extend the 
concept to cover the frequent combination, in one and the same 
flower at different times, of definite devices to secure cross- 
pollination and self-pollination. This would then constitute what 
wc may perhaps call a dimorphism in time, since in the great 
majority of cases the plant produces flowers which are adapted 
to ensure cross-poUination, but if this does not occur, it trans- 
forms these same organs into what is virtually a new type of 
flower adapted for self-polhnation. 

Furthermore, in all Aese cases, a selective balance is at work. 
However, the balance is a complex one. In plants whose flowers 
change from exogamy to autogamy, as well as those which 
produce both showy and cleistogamous flowers, it used to be 
supposed that all that was involved was what the experimental 
embryologists style “double assurance” (doppelte Sicherung) to 
secure pollination. Cross-pollination was assumed to be in some 
way better, but if, through lack of suitable insects or other 
reason, it chanced not to be effected, then the plant fell back on 
its second line of defence, in the shape of self-fertilization. This 
in itself would constitute a selective balance of an ecological 
nature. The advantages accruing from cross-fertilization arc 
offset against the disadvantage of its not being always possible; 
the disadvantage of having to produce a sectmd type of flower 
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(or to develop new adaptations within the original flower) is 
olB^ against the advantage of assured seed-production. 

JEcolc^^ical factors may further complicate the picture. Thus 
certain species produce solely or almost sokly cleistc^amous 
flowm when growing in deep shade, where few insects are 
likely to visit them, but go to the reverse extreme when grown 
in sunny open localities. In Viola, cleistogamous flowers are much 
more abundant in high latitudes; this is due to a photo-periodic 
response (Borgstrom, 1939). Along these lines, the course of 
evolution of the cleistogamous condition is readily envisaged. 
Cleistogamy in the strict sense impHes a special type of flower 
which not only does not open, but shows other adaptations; 
usually the petals and stamen are reduced in size, and the pollen- 
grains are not liberated from die anthers but germinate in situ. 
This condition has doubdess followed on one of “pseudo- 
cleistogamy”, where, in certain ecological conditions, the normal 
flowers simply fail to open and self-pollination occurs. 

This, however, is not the whole story. Autogamy, it is now 
realized, is not merely a pis idler. It has certain advantages, in 
perpetuating undianged a vigorous and well-balanced genetic 
constitution once this has been evolved. This stability, however, 
will only be advantageous so long as conditions also remain 
unchanged: in addition, an entirely stable type loses the possi- 
bility of invading new environments. Thus the provision of 
devices for both cross- and self-fertilization constitutes a balance 
between the advantages of plasticity (with its disadvantage of 
wasteful production of less well-adapted recombinations) and of 
stability (with its long-term disadvantage of absence of adjust- 
ment to new conditions). Some forms are exclusively of one or 
the other type; but in a large number, probably the majority, of 
flowering plants, the two have been brought into balance, with 
consequent floral dimorphism of one sort or another. 

A third tyjpe of selective advantage concerns the degree of 
waste of gametes associated with a particulai mode of repro- 
duction. This wast^e is especially marked in monoecious 
plants, and its impli^cms are discussed in reference to die 
selective balance involved in gynodioedsm (p. 107). 
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It is clifficolt to evaluate the fuedse shares of these vaiious 
advantages and disadvantages in floral dimorphism. We must be 
contoit to observe that a sdective balance is involved, and fliat 
the dimorphistn is diereby maintained. 

In other cases the dimorphism is between sexual and vegetative 
reproduction. Dr. W. B. Turrill informs me in a letter that in the 
lesser celandine. Ranunculus Juaria, the following types of repro- 
duction occur: normal amphimixis, apomixis, abundant vege- 
tative multiplication (of two types; one variety is wholly or 
almost wholly vegetative in its reproduction), and plants with 
only male, only female, and only hermaphrodite flowers. Differ- 
ent populations show diiferent proportions of these vaftous 
types. Here, in the field of reproduction, we may perhaps nkve 
something akin to the balance of ecotypes in many plant spedes 

(p. 177). 

We may in fact conclude that polymorphism always involves 
a selective balance, whether it is determined genetically, or 
environmentally, or internally by the processes of normal 
ontogeny, as when two or more kinds of persons or organs, 
adapted to different functions, are formed by the same colony 
or individual (for social hymaioptcra sec p. 482 n). 

Finally in view of its peculiar evolutionary interest as inevit- 
ably involving a selective balance and as in some cases leading 
by way of ecological regional differences, to sharp geographical 
differentiation, genetic polymorphism deserves the most intensive 
study, especially in cases where the ratios of the types are geo- 
graphically graded, since here we may hope not only to measure 
the intensity of the selective forces at work, but also to discover 
something as to their nature. 


(c) Selection in fluctuating populations 

Elton (1930) has pointed out that the customary assumption 
of a population approximately constant from year to year is very 
far from the truth for many, if not most, species. A stable “balance 
of nature” does not exist. Fluctuation in numbers, rather than 
constancy, is the rule. This fluctuation may be broadly progressive 
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cowatds tnciease or <lecrea$e, it may be incgolar, or it . may be 
cyc£c and regolar. 

Ammai spedes subject to such regular or periodic fluctuations 
include lemmii^ (Lemmus), mowsfaoe rabbits {Lepus merkanus), 
mice, voks, jerHIs and other Muridae, foxes {Vutpes, Alopex), 
lynxes {Lynx), and other fur-bearing carnivores, certain birds, 
stxh as ptarmigan {L<^opus) in Labrador and nutcrackers {Nud- 
in Siberia, some invertebrates, land and mariiK;, and 
|»robably certain antelopes and other larger mammals. The 
period of the fluctuation from crest to crest of abundance varies 
from 3 to 4 years in the smaller rodents, to lo to ii years in the 
snowshoe rabbit, and probably a good deal longer in certain 
ungulates. The difference in abundance between crest and trough 
may be very great. In the snowshoe rabbit the ratio of high to 
low population numbers in extreme cases must reach at least 
100 : 1. An interestii^ point made by Rowan (1931, p. 62) for 
Canadian birds is that migrant species are not affected by these 
cycles. In years when the grouse population has been reduced 
to a minimum, the migrants are present in normal numbers. 
This fact must, in combination with others peculiar to migrants, 
have important evolutionary consequences restriaed to migrant 
forms. However, it seems not to be of universal occurrence. 

Elton has pointed out certain important evolutionary conse- 
quences of these facts, hi the first place, both the intensity and the 
type of selection will vary continuously during the cyde. During 
^ period of rapid increase, when numben are low and conditiems 
fiivourable, the intensity of selection will be very low. During 
the peak period, intraspedfic selection due to pressure of compe- 
tition vriU be high, ^hice the catastrophic fall in numbers is 
normally due to infectious disease, selection (hiring this period 
will mainly omcem disease-resistance. And in the stdisequait 
pericxl of unfavourable environmental conditions (for aH these 
cycles seem to have an external determination) selection will be 
concerned vrith resistance to cold and hunger and similar aspects 
of the strugg^ for existence. To use Elton's metaphor, the species 
is put throu^ a series of examinations, with easy times between- 
whiles, and the different examinations test different capacities. 
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Apart from special resistances, such varying selection will promcNe 
a general elasticity of response. 

Elton also made the stggestion that periodic fluctuations would 
allow greater scope for chance in evolution, since if a rate muta- 
tion or gene-combination happens to be present in the mudi- 
reduced minimum population, it will be automatically reproduced 
in the same proportion during the period of rapid increase when 
the struggle for existence is light and the intensity of selection low. 

f£s views have been criticized on mathematical grounds by 
Haldane. However, the proof of the pudding is in the eating, 
and the studies of Ford and Ford (1930) make it dear, firsi that 
selection-intensity may actually be relaxed during a peric^ of 
rapid increase, and secondly that when it is once more tighttoed 
up, the resultant type may differ from that obtaining in Ae pro- 
ceedii^ period of abundance. They observed a sharply isohtod 
colony of the small Greasy Fritillary butterfly, Melitaea aurinia, 
for thirteen years, and obtained records and spedmens for a total 
period of forty-nine years. The population was increasingly 
abundant from 1881 to 1897; it then decreased, and became 
scarce by 1906 and extremely rare from 1912 to 1920. A rapid 
increase to abundance then took place to 1924., from when until 
1930 it showed a progressive slight further increase. 

Variability was slight during the first relatively stable period 
of abundance. During the period of rapid increase after scardty, 
however, (I quote from Ford, 1934, p. 77), “an extraordinary 
outburst of variation occurred. Hardly two spedmens sverc alike 
and marked departures from the normal form of the spedes, both 
in size, shape and colour, were very common. A high proportion 
of these were deformed in various ways, the amount of deformity 
being closely correlated with the degree of variation.’* 

With the colony entered on its second period of abundance, 
the abnormal types and extreme variants practically disappeared, 
and the popidation settled down again to a uniform type. This, 
however, was not the same as before, but recognizably distinct. 

It seems clear that the relaxation of selection during the recovery 
period allowed an excess of variability; and that when it again 
became rigorous, the new stable type was sightly diflierent. 
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owing to the accidental incorporation of different genes. R. L. 
Berg (1941) has demonstrated a similar efito in micropopu- 
lations of Drosophila mehnogaster, aberrations increasing with 
decreased intensity of selection. 

Sewall Wright (1932), in discussii^ such problems in more 
general terms, concludes that there must be available to most 
species a number of gene-combinations all of about the same 
survival-value; he compares them to peaks, separated by “valkys” 
of intermedbte combinations which are less favourable. Normally 
it is difficult or impossible for selection to shift the type from an 
established peak to another, although this might be equally 
satisfsumry if reached: but when the intensity of selection is 
reduced (or when low size of population promotes the accidental 
survival of genes and gene-combinations: pp. 58, 199), many 
“valley” combinations are realized, the species can cross dryshod 
to other peaks, and it will be a matter of chance on which Ararat 
the type eventually remains perched when the rising tide of 
selection again floods out the valleys. 

Elton draws a further interesting conclusion from the facts of 
periodic fluctuation. He concludes that it will have promoted 
the migratory impulse which is so strong in so many types of 
animals when in unfavourable conditions. At first sight, the 
existence of this impulse seems hard to explain on any selective 
hypothesis, since, in the more spectacular mass emigrations, such 
as those of locusts, lemmings, or certain butterflies, all, or all but 
a negligible fraction of the migrants perish, while the population 
is renewed from among those which do not manifest the impulse 
and stay in their original habitat One would thus suppose that 
migratory tendencies would be strongly antagonized by selection. 

However, although such migrations are exceedingly strikir^ 
and have thus received a disproportionate share of attention 
fix>m biologists, they arc, in fact but extreme and in a sense 
abnormal manifestations of a much more widespread phenome- 
non, namely, an impulse to react to unfavourable conditions by 
(hanged behaviour, notably by movement away from an 
environment which has become unfavourable. This does not 
normally result in mass migration on a vast scale, but in an 
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inegular movement tlut disperses the popidatkm over a wide 
area. When lemmings arc scarce in the Arctic, snowy owk 
{Nydea nyOea) descend into north temperate latitudes in search 
of food (Elton, 1927, p. 123). When the cedar-cone crop fiuls in 
Siberian forests, the Siberian nutcradeers {Ntuijrt^a caryocakuies 
mmorhynchus) leave their usual haunts and may reach western 
Europe (Fomiosov, 1933). And many quite small and inconspicu- 
ous movements of animal population are going on all the time. 

When migration is of this less extreme type, many individuab 
which would otherwise die will survive temporarily in re^ons 
beyond the normal range of the species and be able to t^m 
later to their original habitat, wWlc others may survive^ by 
reaching and remaining in other parts of the normal ranged In 
addition, some individuals may be able to survive and to ren^iin 
in areas outside the normal habitat of the species, either by 
adopting slightly different habits and so colonizing different 
■ habitats within the original geographical range, or by colonizing 
areas outside this range. This extension of habitat may in the first 
instance be dependent on a non-inherited modification of 
behaviour, mutation and selection later stepping in to fix the 
chai^ genetically (the “organic selection’’ of Baldwin and 
Lloyd Morgan, pp. 304, 523); or genetic variants may find them- 
selves in surroundings to which their constitution is better adap^d 
than was the normal environment of the species (pre-adaptati<Hi, 
see p. 449). in either case, migration will have been advantageous 
to the species as well as to the individual. 

Elton (1930, p. 52) draws an illuminating comparison between 
the sexual process and the migratory urge. Both ate extremely 
widespread, and both confer additional evolutionary plasticity on 
a species. The sexual process eiubles the species to exploit to the 
fiiUest extent the mutations, old and new, which are earned by 
the species or which crop up during its evolutionary career, by 
making possible every kind of recombination of dbem. The 
in^;nU;ory impulse, in relation to -unfavourable conditions, has 
a precisely analogous effect, in increasing the range of envirem- 
mental conditions with which any genetic variation dut ousts 
can be brought into contact The two are compkn^ntary and 
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ofien mtrnially teinfbicmg processes, and bodi have their most 
impottaitt fimciami in times of stress. 

Huduatimis in numbers, both irregular and periodic, thus may 
have important evolutioiuury consequences. 


7. MUTATION AND EVOLUTION 

There remains the diihculty that most mutations so far investi- 
gatnl are deleterious. If mutations are the raw material of evolu- 
tion, it is clearly not enough that they should be as it were sterilized 
and rendered innocuous; some of them must sometimes be, or 
become advants^eous. However, this also is not so serious as 
at first sight appears (pp. 68 seq.). Since the gene-complex is an 
elaborately co-ordinated system, any changes in it are much mote 
likely to act as defects rather than as improvements. Further, the 
larger the chai^ die less likely is it to be an improvement; and 
inevitably the geneticist will detect lai^ changes mote readily 
than sm^. The detailed analysis of the last ten or fifteen years, 
however, has revealed large numbers of gene-difierences with 
extremely small efiects, down almost to the limit of detectability. 
It is not only possible but highly probable that among these ate 
to be sought the chief buihhng-hlocks of evolutionary change, 
and that it is by means of small mutations, notsdily in the form of 
series of multiple allelic steps, each adjusted for viability and 
efficiency by recombinations and further small mutations, that 
progressive and adaptive evolution has occurred. Indeed, in cases 
where fertile species-crosses are possible, this contention has been 
definitely proved, as for instance by the prevalence of multiple- 
factor (polygenic) diffierences, each factor with only a small 
effict, as the basis for specific diSerence in Antirrhimtn (Baur, 
1932), Phaseohs (Lamprecht, 1941), cotton (Gossypium; Silow, 
1941), etc., and in wolf-dog crosses (I^in, is>4i}' Many sub- 
spec^ characters have a siinilar genetic basis, e.g. in the plant 
Cmdma saiva (Tedin, 1925), in deermioe {Peromyscus), gipsy- 
modis {Lymantria), etc. (see Dobshansky, 1937, Chimter 3). 
Spedfic diffitrences in Drosophila depend on many single genes, 
effien grouped in polygenic systems (pp. 358 seq.; Madier, 1941 )• 
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The very large number of genes vnth small eflects involved in 
die inheritance of quantitative characters has been stressed by 
“Student”. With referaice to Winter’s eiqicriments (1929) on 
oil-content in maize, R. A. Rsher (x933fc) writes: “all commercial 
varieties must be segregating in hundreds, and quite possibly 
in thousands! of facton.” With this amount of available variance, 
Winter was able to select high and low lines differing sh^oUl in 
oil-content. Silow (194.1) estimates that in cotton (Gossypmm) 
the closest species differ in over half their genes. 

It must be admitted that the direct and complete proof the 
utilization of mutations in evolution under natural condibons 
has not yet been given. Even the case of industrial melan|sm, 
apart from its concerning the results of man’s interference, will 
not be complete until the induction of melanic mutations has 
been finally disproved. On die other hand, a complete and direct 
demonstration is inevitably very difficult to provide. The muta- 
dons concerned wdl normally have small effects. Thus the species 
concerned must be easily bred, and should have been subjected 
to detailed genedc analysis: otherwise small mutations will not 
be detected. The species must then be followed through a period 
of evolutionary change, and during this period selecticm must be 
proved to have been operative on certain mutations. 

Thus it is inevitable that for the present we must rely mainly 
on the convergence of a number of separate lines of evidence 
each partial and indirect or incomplete, but severally cumulative 
and demonstrative. 

These different partial lines of evidence may be summarized 
as follows: — 

(i) The existence of small mutations. This has been proved in 
every organism subjected to detailed genetic analysis. While 
most of these are deleterious, it should be remembered that 
reverse mutations to wild type have frequently been demon- 
strated, both “spontaneously” and under the influence of the 
same agency (c.g. X-rays) used to induce the original mutation. 
Thus it cannot be maintained that the process of mutation is of 
its nature deleterious, since the “abnormal” can mutate to the 
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“normal” Posidon-dFects due to small sectional rearrangements 
(p. 92) must for our purpose be included in this category. 

(2) The existence of mettdelizing variations of snudl extent consH^ 
tiding the differential characters of subspecies and species. This has 
been shown in many cases, though it can, of course, only be 
demonstrated for spedes vdtere fertility and segregation occur 
after an inter-spedfic cross. However, the cases of this are fairly 
numerous (see Haldane, 19320, Chap. 3; Goldschmidt, 1928, 
Chap. 15; Dobdiansky, 1937, Chap. 3). 

This point is important, since the presumption is very strong 
that all mendelking variations owe their origin to mutation. 

(3) The existence of selection-pressure against small unfavourable 
mutations. All cases of reduced viability in culture and of elimin- 
ation of deleterious mutants in nature fall under this head. One 
of the best proofs is the low inddence of mutant genes in the 
sex-chromosome of wild-caught individuals as compared with 
their incidence in the other chromosomes (autosomes), as dis- 
covered by C. Gordon (1936) and by Dubinin and his co-workers 
(1934:, 1936) in Drosophila. 

Recessive mutations in the autosomes will not exert their 
effects unless in double dose, and they cannot occur in double 
dose unless two individuals heterozygous for the gene happen to 
mate, which will be a very rare event. Sex-Unked mutations, on 
the other hand, will immediately exert their effects on a number 
of males, since these possess only a single sex-chromosome, so 
that any recessive genes located in this chromosome can exert 
their effects in single dose, not masked by theit normal allelo- 
morphs. If the effects comprise reduced viability, selection will 
at once be brought into play and will tend to eliminate the gene 
from the constitution of the species. 

Thus both the recessivity of most mutations (pp. 75 seq.) and 
the scarcity of sex-linked recessives are consequences of selection. 

A special case is the proof by Gerould (1921) that the normal 
grass-green larvae of the butterfly CoUas philodice enjoy a selective 
advantage over the blue-green recessive mutant type in relatitm 
to the attacks of bird enemies, no doubt on account of their 
dose resemblance in colour to the food-plant. 
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(4) The existence of nuttOions widdt Jirtm (fte outsa m mm~ 
deleterious, and especudly of diose which are potei^alfy fapourdhle. Idl 
view of the tecutrent natote of mutation, it is extiemdy oiilikd.y 
that in an experiment mutations riiould arise vdiidi aie markeifly 
favourable at the outset, in normal conditions; for in most cases 
such mutations would long previously have been incorporated 
in the constitution of the species. 

Of mutations which appear to be potentially favourable-^ 
i.e. capable of being immediately utilized by selection in certain 
conditions (see pp. 52, 449 ff.) — there are numerous examples. 
We may mention the mutations in seed-weight of beans fqund 
by Johannsen (p. 52) ; those modifying hooded pattern in Wts 
(p. 65); the mutation altering temperature-resistance in wa|cr- 
fieas by Banta (p. 52); and diat in tobacco adjusting flowering 
to a different rhythm of light and darkness (p. 52). Some of die 
mutant genes found by Dubinin et at. (1936) in wild Drosophila 
might readily increase (or even become the “normal type”) 
under slightly altered conditions. The higher variability of 
abundant species demonstrates this process in action (p. 58 n.). 

Zimmermann (1941) has found numerous recessive genes in 
the heterozygous state among populations of wild rodents, not 
only house-mice {Mus m. musculus), but also field mice [Apdemus) 
and voles {Cleithrionomys), Though some of these were for gross 
abnormalities, and others for partial albinism or spotting, still 
othen determined characters which m^ht readily be utilized 
in normal evolution, c.g. a darker type of agouti. In one case 
{Cleithrionomys g.glareolus) a dominant gene was found, changing 
the normal red of the back to the brown character typical of the 
alpine subspecies C. g. nageri. 

An interesting example from domestic animals is diat of 
fiizzled fowls. These have a peculiar plumage, with upcurlcd 
feathers which do not retain heat well, and are at a great dis- 
advant^ in temperate climates. The condition depends cm 
mendelian genes (F. G. Benedict, Landaucr, and Fox, 1932). 
In tropical dimates, however, as in West Africa, the breed is 
extremely common: here the frizzled plumage is an advantage, 
since it oiables the birds to keep cookr than normal birds 
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(pp. 76; Haldane, 1935; Landauer and Dunn, 1930; Landauer, 
1937; landauer ami Uphani, 1936). 

(s) The exiOence genetic polymorpkim wUhin a species. Hiis, 
as wc have seen (p. 97), can only occur where there is a selective 
balance. Since both the visible and the lethal characten involved 
ate known to mendeUze in all cases properly investigated, the 
{Hesumption is that they always do so, and the further presumption 
exists that they owe their origin to mutation. 

Beautiful examples of the action of selection in causiii^ the 
spread of favourable mendelian characters are seen in those cases 
of genedcally-controlled polymorphism where one type, when 
freed from its linked ledial, has ousted the other (p. 98), as well 
as in those where a mutant or rare allele spreads in certain environr* 
mental conditions, as in the industrial melanism of moths, and in 
other cases (pp. 94, 104, 203). 

Polymorphism must be distinguished from normal variability, 
however large, grouped in a single normal curve of error, or at 
least one without sharply defined modes. When, however, wide 
normal variability exists, it appears, in so far as it is genotypic, 
to depend on mendelizing faaors and their recombinations, since 
when a cross is made between extreme variants, the Fz is much 
more variable than the Fi. The adaptive reasons for the existence 
of high variabihty of this unimodal sort are unknown, though it 
would appear that in some cases they must exist. Possibly it 
supplies die same kind of plasticity in relation to a wide range of 
environmental conditions as is found in plant species with numer- 
ous intergrading ecotypes (p. 275). 

(6) The effect of variation of conditions in altering the incidence oj 
selection on (a) mutations, or (b) naturdly-exiUing genetic differetues. 
In some cases mutations, which in what nuy be described as 
normal conditions arc deleterious, may become advantageous in 
other conditions.* A good example is that of the vestigial-winged 
mutant of Drosophila, studied by Spencer (1932). In conditions 
near the optimum, vestigial is much shorter-lived than wild- 
type. But if vestals and normals are kept together without food 

* When this is so they fall conveniently under die heading of pre-adaptationa; 
this subject is expanded in Cluptcr 8. p. 449. 
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and water, the vestigials survive l(»iger. Thus in environments 
whicli occasionally become very unfavourable the vestigial type 
might even oust the normal. It is worth noting drat the advantage 
or disadvantage concerns the viability characters: Uk size of ^e 
wings would thus be a “correlated character” of no immediate 
selective value (pp. 63, 206). On the other hand, reduced size of 
wings may have a direa selective value in certain conditions. 
Thus L’Heritier, Ncefs, and Teissier (1937) also working with 
vestigial, found that flies with this character survived better than 
wild-type Drosophila when subjected to constant wind. This, as 
they rightly conclude, has a bearing on the prevalence of insects 
with reduced or functionless wings on oceanic islands (p.^53). 

Variation in the environment often leads to selection of |xrtain 
types from among the range occurring naturally. This may refer 
ei^er to continuous or discontinuous variations. An example of 
the former is the case described by Harrison (i920fl) of the selec- 
tion for depth of pigmentation in the moth Oporinia autumtuUa. 
The relative abundance of lighter and darker forms in a dark 
pinewood and an adjacent light birchwood was quite diflerent, 
and so, but inversely, was the intensity of selection, as revealed 
by the number of wings left by birds. The result was that in the 
dark environment the darker types had become sixteen times the 
commoner, while in the light environment the lighter types were 
six times more abundant than the darker. (Sec also p. 469). 

As an example of selection between sharply-dehmited types we 
may mention the experiments of extreme interest carried out by 
Sukatschew (1928} on pure lines in dandelions {Taraxacum). He 
found that altering the density of total numbers of plants per 
plot m^ht completely alter both the siurvival of the seedlings and 
the fertiUty of the survivon, so that a pure line which was inferior 
in one set of conditions would oust the rest if the conditions were 
changed. 

We may also consider selection as between related species. 
Here, simflar results to those with varieties of dandelions have 
been obtained by Timof&fF-Rcssovsky (1933) with the compe- 
tition between the larvae of two species of Drosophila at diflerent 
temperatures; by Tanslcy (1917) cm the varying results of 
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competidon between two species of bedstraw {Galium) according 
to tbe type of soil on which they are growing; and by Beauduonp 
and Ullyott (1932) on the decisive effect of temperature in bring- 
ii^ about the selection of one or other of two spedcs of compet- 
ing planarian worms. 

Sukatschew’s detailed analysis is entirely in accord with the 
elaborate ecological work of the Stapledon school, showing the 
effea of varying intensity of grazing on the survival of different 
species and strains of pasture plants. 

In bacteria, the alteration of type with culture-medium appears 
not to depend upon any lamarckian or modificatory effect, but 
upon the selection of variants (to use a non-committal term), 
though the method of origin of these is still obscure. Again, 
selection has different effects on different pure lines of yeast 
according to conditions (Cause, 1934). 

The diminution in size and other changes which occurred over 
a period of 150 years in a stock of horses placed on Sable Island, 
Nova Scotia, appear almost certainly to be due to selection in 
relation to the somewhat unfavourable conditions (Gates, 1930). 
This doubtless has a bearing on the evolution of dwarf forms of 
large mammals on islands or near the limit of their range, for 
instance the very small Spitsbergen race of reindeer {Rangifer 
tarandus), the pigmy elephants, now extinct, of Malta and other 
Mediterranean islands, the Corsican subspecies of the red deer 
{Cervus elaphus), etc. 

(7) The interaction of two or more unfavourable mutations to produce 
a neutral or ben^ial effect. We have spoken of the cases of the 
mutations for red and transparent eyes in Ephestia and for purple 
and arc in Drosophila (p. 69). Another case, of a rather different 
kind, is that of the teocssivt facet-notched, which produces a notch 
at the free end of the wing in Drosophila. Its allelomorph facet, 
also a recessive, produces irregular ommatidia in the eye, together 
with a slight irregularity of the wing-types. When, however, the 
heterozygous combination of the two is synthesized, it is found 
to produce no visible effects. The combination of the two reces- 
sive alleles restores the appearance and viability of the wild type 
(Glass, 1933, who cites other cases of the same phenomenon). 
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Sudi a state of affaits might lead to the establishment of genetically- 
conditioned trimorphism. 

(8) The effect of selection of the gene-complex in alterity the 
expression of mutations, and especially in abolishing their unfavourable 
action while retaining other effects. We have dealt with numerous 
cases of this phenomenon earlier in the chapter, both as regards 
natural and artificial selection. The most striking cases are 
eyeless in Drosophila (p. 69), the crest character in fowls (p. 73) and 
the restored viability of red-eyed meal-moths when the mutant 
gene responsible is combined with another recessive gene (p, 68). 

(9) The existence of genetically-determined adaptations. iOnce 
more the presumption is that these, if genetic, have arisc^ by 
mutation. If they are truly adaptive, the presumption is that l^ey 
have arisen by selection (see Chapter 8 for a development of this 
argument and for examples). 

(10) The correlation between the incidence and type of genetically- 
determined variations in different parts of the range of a species with 
variation in the conditions and with the incidence and type of selection. 
Some of the best examples concern polymorphic mimetic 
butterflies. We have first the adjustment of the frequencies of the 
different mimetic forms to die frequency of their respective 
model species; secondly, the adjustment of the pattern of the 
separate forms to the geographical variation of the models, or to 
the replacement of one species of model by another species; 
and thirdly, the relaxation of close mimetic resemblance in areas 
where the mimic outnumbers the model (p. 101). None of these 
phenomena can be explained except on selectionist grounds. 
Another equally good example concerns the replacement of the 
“normal” type of the species in certain parts of the animal’s 
range by a type which remains rare in other regions, c.g. black 
Coereba, black hamsters, black opossums, voles widi simplex 
type of teeth, mclanic moths, bridled guillemots, etc. In all such 
cases, there are general grounds (p. 97), and in some cases particular 
grounds (p. 95) for believing that selection is at work. 

These various lines of evidence all converge to support a 
nco-niendelian view, some showing that small mutations occur, 
others that selection is active, diat some mutations arc potentially 
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beneficial, that throt^h selection of the gene-complex, mutations 
can be adjusted to the needs of the organism, and that adaptations 
arc genetically determined and vary in type and accuracy with 
direction and intensity of selection. 

Three further general points of considerable importance must 
be mentioned. In the first place, R. A. Fisher (i930fl) has provided 
mathematical proof of the interesting theorem that the combin- 
ation of mutations to provide adaptive improvement in an organ 
or process in which the harmonious adjustment of many inde- 
pendently varying characters is required, is much more readily 
effected by mutations with small than by those with large 
effects. 

Secondly, both Fisher (1932) and Haldane (i932fl) have shown 
the enormous superiority, in die light of existing loiowledge, of 
selection to other suggested agencies of evolutionary change, 
such as true ordiogenesis (Chap. 9, p. 509).* Even if genes were 
to mutate repeatedly in the same direction, this could have no 
evolutionary effect unless they had no influence on viability and 
general fitness. A reduction of one-tenth of one per cent in 
viability would result in adverse selection which would override 
mutation at the highest rate ever yet observed in nature. Simi- 
larly, if a mutation caused an increase of viability of only O'l 
per cent or over, its spread would of necessity be mainly due to 
favourable selection. The same argument appHes to the slow 
accumulation of lamarckian effects postulated by some believers 
in the inheritance of acquired characters: if this is so extremely 
slow as to escape detection in the course of an experiment coveting 
a few generations, as they often assert, it would be overridden 
by selection-pressure whenever any but the most trifling differ- 
ences in viability existed (pp. 457 seq.). 

Thirdly, variability varies inversely with selection-pressure 
(pp. 324 seq.). The butterfly Papilio dardanus provides a striking 
example. This possesses several polymorphic female forms. Most 
of these are mimetic and highly invariable, except when, for 
special environmental reasons, they are able to live outside their 

* Haldane (op. cit., p. 142) qualifies this view by pointing out that the paths 
open to selective guidance are Imited by the nature of variation. This restrictive 
or subsidiary orthogenesis we shall discuss later (p. 510). 
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moiiels’ range. The rare form dhttysos, however, is nonr-mimetic, 
and highly variable (Ford, 1936). 

hi the fold we are discussing, of the relations between genetics 
and evolution, perhaps the most important sii^le concept of 
recent years is that of the ac^ustment of mutations through 
changes in the gene-complex. Before this had been developed 
by R. A. Fisher and his followers, notably £. B. Ford, the effect 
of a mutation was assumed to be constant. A given mutation, we 
may say, made an o&r to the germplasm of the species, which 
had to be accepted or declined as it stood. And the data on 
laboratory mutants at the time indicated that the great mvority 
would have to be declined. \ 

To-day we are able to look at the matter in a wholly din^rent 
way. To continue our metaphor, the offer made by a mutation 
to the species is not necessarily a final offer. It may be merely a 
preliminary proposal, subject to negotiation. Biologically, this 
negotiation is effected in the first instance by recombination and 
secondarily by mutation in the residual gene-complex. It can 
lead to a marked alteration in the effects of the mutation, which 
may make the proposal acceptable to the organism. 

Ten years ago evolutionary change, on the neo-mendelian 
view, depended on the co-operation of two processes only — the 
presentation of ready-made building-blocks by mutation, and the 
utilization of certain of them under the influence of selection. 
To-day we have been brought to realize that a third process 
is at work — change, primarily recombinational, in the residual 
variability of the gene-complex; and this can shape the building- 
blocks so as to enable them to fit in better with their neighbours 
and with the general plan of the building. 

Thus evolutionary change, in so far as Darwinian, is not due 
simply to the co-operation of mutation and selection; a third, 
intermediate agency is involved in the shape of the residual 
variability of the species. Adjustment intervenes between 
presentation and acceptance. 


Oi 
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I. THE FACTORS OF EVOLUTION 

A discursive treatment of mutation, as adopted in the previous 
chapter, has at the present time a certain historical justification. 
Darwin’s theory of the mechanism of evolution was extremely 
abstract and generalized. Next to nothing was known in Darwin’s 
time of the nature of variations or of die mode of their inherit- 
ance, let alone of their differences in various groups of organisms. 
The idea of selection remained equally generahzcd. Darwin 
admitted but two types of selection, natural and sexual. We now 
realize that there are many kinds of selection, often antagonistic 
in their effects, and not all operative in the same way on all 
organisms. 

Finally, Darwin had little inkling, apart from his reference to 
the greater variability of abundant species, of the evolutionary 
effects of differences in the nature of the evolvii^ groups. We 
now know, however, that not only these, but also differences in 
environmental conditions, may be of the greatest importance. 

The biggpst blank on the evolutionary map, however, con- 
cerned variation and its inheritance. The theory of mutation on 
a mendelian basis is the first adequate: attempt to fill die gap. It 
has met with great resistance, and has itself developed almost 
out of recognition during its rapid growth from its beginnings 
only a few decades ago. There is thus every reason in the present 
state of biology to devote a chapter to mutation treated broadly 
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as embodying Darwin’s shadowy “heritable variations’* and as 
representii^ the raw material of evolution in a generalized way. 

It is probable, however, that writers of books on evolution 
ten or twenty yeare hence wall adopt a different method. They 
wall begin by describing the nature of the physical basis of inherit- 
ance, its modes of chmge by mutation of various kinds and at 
various speeds, its remarkable general uniformity in all cellular 
organisms, and its important variations in detail. They will then 
point out' how the nature of this mechanism governs or limits 
the evolutionary process, and how its variations affect the mode 
of evolution of their possessors. It is impossible for ^higher 
animals, whether arthropod or vertebrate, to evolve in tUf same 
way as do higher plants, owdng to differences in their chromo- 
somal machinery: non-cellular and non-sexual organisms such 
as bacteria have their own evolutionary rules.* 

It is not only the cytological mechanism of heredity, however, 
which influences mode of evolution: to use Darlington’s useful 
phrase, there is involved the whole genetic system, meaning by 
this not only the chromosomal machinery, but the type of 
reproduction. Parthenogenesis, hermaphroditism, self- or cross- 
fertilization, in- and out-breeding — ^all introduce their owoi 
modifications. 

Recognition of this fact broadens out into recognition that 
mode of life in general has its influence on evolutionary differ- 
entiation. A wide-ranging type wall develop a different genetic 
structure (here we borrow a phrase from Timofeeff-Ressovsky, 
1940) from one with limited powers of dispersal. Thus we need 
an index of genetic mobility, or of its inverse funrtion, isolation. 
The spread of genes will be different in linear populations, as in 
those inhabiting rivers or shore-lines where range is essentially 
unidimcnsional, from what it is in the usual two-dimensional 
species (Sewall Wright, 1940, p. 172); it will be different, as 
Sewall Wright (1931, 1932) has also shown, in small and in large 
populations. 

Competition by males for mates or for territory will luve 

* These topics are discussed at greater length in recent books, such as Darling- 
ton’s The Evolution of Genetic Systems (1939). 
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evolutionary results, some of them rather unexpected (see R. A. 
Fisher, I930<i, Chap. 6; Huxley, 193 8<i); so will competition 
between pollen-tubes in the higher plants, or that between litter- 
mates in higher animals (see Haldane, I932<i) ; so will the intensity 
of general competition, whether exercised tlirot^h predators or 
rivals or through the inorganic environment (see pp. 324,426, 469). 

Nor will general organization and mode of development 
without its evolutionary consequences. The meristematic growth 
of flowering plants permits a fuller evolutionary utilization of 
many types of mutation than is possible to higher animals. In 
animals, allometric growth has evolutionary consequences which 
in their turn must be differently adjusted according to whether 
general growth is hmited or unlimited (Huxley, 1932; Gold- 
schmidt, 1940; de Beer, i940<i). The simple fact that most genes 
must act by affecting the rate of developmental processes is 
reflected in the evolution of vestigial organs, in recapitulation, 
in neoteny (see Chap. 9, § 6; and de Beer, 1940b). 

The nature of an organism thus influences the mode of its 
evolution. This applies at every level. Within the individual, the 
microscopic machinery of genes and chromosomes, the mode 
of cellular aggregation and tissue-growth; at the individual level, 
the type of reproduction, the way of Ufe, the level of behaviour, 
the method of development; beyond the individual, the size and 
structure of the group of which the individual is a unit, and its 
relations with other groups — all these, and many facts besides, 
have their evolutionary effects. 

Evolutionary consequences of this sort were often so obvious 
that they forced themselves upon the attention of die earliest 
workers in die field. Darwin (1871), for instance, was fully alive 
to many of the evolutionary implications of differences in sexual 
relations in higher animals, and had noted die greater variability 
of large species (reference in Rsher and Ford, 1928). In the 
present century, more explicit attention has been given to 
particular aspects of the question. To take but a few examples, 
Muller early (1925) pointed out the restriction on polyploidy 
in animals due to, their sex-determining mcduuiism. Wright 
(references in Wright, 1940} gave a .detailed mathematical 
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analysis of the evolutionary consequences of differences in 
population*5izc. Haldane (19320) discussed die different selective 
effects of different modes of reproduction, such as the develop- 
ment of a neuter caste in social hymenoptcra or of polytocy in 
mammals; Huxley (1932) pointed out some evolutionary conse- 
quences of differential growth. 

However, there has been hardly any attempt to survey the 
problem as a whole. Darlington’s Evolution of Genetic Systems 
(1939) is 2 nouble essay in this direction, though limited to chro- 
mosomU and reproductive mechanisms (see also Darlington, 
1940); and Goldschmidt’s Material Basis of Evolution attempts the 
same for modes of development. A small but increasing number 
of writers realize that such a general approach is not only pcUible 
but necessary. Comparative Evolution is destined to become as 
important a branch of biology as Comparative Anatomy. 

In any such general survey, other aspects of evolution would 
demand the same comparative treatment as that accorded to 
genetic systems and other peculiarities of die evolving organism. 
The generalized treatment of selection, as originally developed 
by Darwin and redrafted on a mendelian basis by R. A. Fisher 
(19300), must be particularized. Darwin (1871) made a signiticant 
beginning in his separation of sexual and natural selection, and 
Haldane (19320) has carried the process a stage further by dis- 
tinguishing various forms of intraspecific from interspecific 
selection. The analysis could, however, be extended on a fully 
comparative basis, with every effort to introduce quantitative 
treatment at the same time. Selection will act differently in auto- 
polyploids because of the reduced availability of recessive muta- 
tions (p. 143). The balance between selection, mutation, and 
chance recombination will be quite different in large and in small 
interbreeding groups, the difference in some cases being so great 
that mutation may exert a directive effect (Wright, 19400. 
his p. 173). Certain types of reproductive mechanism or popula- 
tion structure may lead to an immediate rapid differentiation and 
evolutionary success, to be paid for later by loss of plasticity and 
widespread extermination of types, as in Creph (p. 376), others 
to accidental non-adaptive change or to extinction, as in small 
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isolated groups (p. 58); male haploidy will purge the germ- 
plasm of many reccssives; the development of a reproductive 
caste will permit selection for altruistic qualities; familial selection 
will promote rapid growth and large size (for both points see 
Haldane, 19326); inter-malc competition when success may 
mean more than one mating will produce male characters of 
display or combat which may be deleterious in the individual 
for life (p. 426; Huxley, 19386). The development of 
social life, with consequent inter-group struggle within the 
species, may produce the most pecitliar selective results, as is 
especially to be seen in our own species (see R. A. Fisher, 1930a, 
Chaps. 10 to 12). Isolation from potential enemies or rivals may 
permit unusual specialization, as in flightless island birds, or 
encourage variability and degree of adaptive radiation, as in the 
fish of certain African lakes or the marsupials of Australia 
(p. 324). According to environmental conditions and to the 
genetic structure of the group, selection may act cither as a 
stabihzii^ force or as an agent of change, and may decrease or 
increase internal variability. We need a comparative study of 
selection as well as of genetic systems. 

Our last examples remind us that the environment, too, has 
its evolutionary effects. Ecology has listed and analysed the chief 
types of environments, major and minor habitats, and ecological 
niches. It has also pointed out one evolutionary result of environ- 
iftental difference, in the adaptive correlation between organisms 
and the environments they inhabit (p. 430; Hesse, Allec, and 
Schmidt, 1937). But it has not undertaken detailed analysis of the 
effects of environmental difference on evolution. Here and there a 
beginning has been made. The study of the results of the glacial 
period— the extinction of some species, the disjunction of others, 
the subsequent divergence of their separated portions, and their 
behaviour on rc-mccting — ^has already thrown a flood of hght 
on the evolutionary results of violent climatic changes, and 
revealed to us that we live in a time when evolution is operating 
at exceptional speed (p. 243). The study of the marginal zones 
of species is showing that they are often characterized by a 
peculiar genetic structure of the population (Vavilov, 1927) or 
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by special adaptations (Rcinig, 1937). and is also throvmg light on 
the evolutionary functions of the harmoniously stabilized gene- 
complex (Huxley, 1938^, I939<i and b). The so-c^cd geographical 
rules, when analysed in detail, reveal that the sharp discontinuities 
of species and subspecies are often superposed upon continuous 
gradients of change (dines, p. 206), delicately adjusted to the 
extcnial gradients of the inorganic environment (p. 208). Differ- 
ences in ecological preference may isolate groups as effectively as 
geographical barriers or mere spatial distance, often with the 
production of cryptic spedcs fp. 299). Perhaps most important 
of all, we arc beginning to realize that the effective environment 
of an organism may be and usually is altered by genetic chmgc: 
as Darlington (i939) pithily puts it, “a dwarf bean does\ not 
meet the same environment as a scarlet runner.” 

Pre-mendelian evolutionary theory arranged its facts and ideas 
under three main heads: variation, heredity and selection. This 
was necessary to clarify the generalized theorems of evolution 
— ^natural selection and consequent adaptation; it is still necessary 
to-day. But to-day we can go further. Evolution can no longer 
be a matter of generalized theorems only: it is itself a major field 
for comparative study. The comparative study of the reagent — 
the varying, evolving organisms: the comparative study of the 
medium — ^the graded, fluctuating environment: and the com- 
parative study of their interaction — the processes of selection and 
their consequences: it is along some such lines as these that the 
evolutionary text-book of the future must be written. 

The time is not yet ripe, however, for such a treatment of the 
subject. In this volume, all that can be attempted with regard to 
selection and environment will be some incidental comparative 
discussion in later chapters. With regard to the nature of the 
reagent, however, the situation is rather different. The spectacular 
advances of cytology in the last two decades now permit the use 
of deductive methods on a large scale. Our knowledge of chromo- 
somal machinery and of mode of reproduction allows us to make 
prophecies concerning genetic dettil which may* take years to 
verify empirically, and to draw accurate conclusions as to the 
type of selection which will operate. Thus it seems worth while 
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to give a brief summary (largely based on Darlington’s boede 
(1939) and the relevant chapters in those of Dobzhansky, 1937, 
and Waddington, 1939) of the evolutionary effects of differences 
in genetic-reproductive systems. In a later chapter other effects 
of the nature and mode of development of the reacting organism 
will be given (p. 525), though a full treatment of this type of 
consequential evolution is not yet possible. 

2. THE EARLY EVOLUTION OF GENETIC SYSTEMS 

There is an astonishing similarity in the genetic systems of the 
great msijority of organisms. Their hereditary machinery is 
organized into discrete chromosomes of definite size, shape and 
genic make-up. The chromosomes divide normally by mitosis, 
and at one pomt m the life-cycle undergo meiosis which is 
accompanied by crossing-over. Tliis applies to all higher plants 
and all higher animals and to many quite lowly forms as well. 

The genetic system must have had a long evolution behind it 
before it reached what we may call the meiotic stage, with its 
elaborate mechanism. Two prior main stages may be distin- 
guished, the pre-mitotic and the mitotic, and organisms still 
survive which are equipped witli genetic systems of these earlier 
patterns. 

Bacteria (and a fortiori viruses if they can be considered to be 
true organisms), in spite of occasional reports of a sexual cycle, 
appear to be not only wholly asexual but pre-mitotic. Their 
hereditary constitution is not dif^rentiated into specialized parts 
with different functions. They have no genes in the sense of 
accurately quantized portions of hereditary substance; and 
therefore they have no need for the accurate division of the 
genetic system which is accomplished by mitosis. The entire 
organism appears to function both as soma and germplasm, and 
evolution must be a matter of alteration in the reaction-system 
as a whole. That occasional “mutations” occur we know, but 
there is no ground for supposing that they are similar in nature 
to those of higher organisms, nor, since they are usually reversible 
according to conditions, that they play the same part in evolu- 
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tion. We must, in fact, expect diat the processes of variation, 
heredity, and evolution in bacteria are quite different from the 
corresponding processes in multicellular organisms. But their 
secret has not yet been unravelled (p. 302). 

One guess may be hazarded: that the specificity of their 
constitution is maintained by a purely chemical equilibrium, 
without any of the mechanical control superposed by the mitotic 
(and meiotic) arrangements of higher forms. We may also guess, 
with Darlington (1939, p. I2i), that the so-called “plasmagenes” 
which have been detected in a few higher plants, and whi^ also 
seem to be controlled in their reproduction only by a rhamiral 
equilibrium, are survivals, though possibly specialized in\their 
own way, from the pre-mitotic level of evolution. 1 

The mitotic but pre-mciotic stage is represented to-day by a 
few A^ae and Protozoa. These may be degenerate in having 
abandoned sex and meiosis, or they may never have acquired 
them. In any case, the rarity of such cases implies that tliis stage 
must have been somewhat transitory. Apparently once the 
detailed difierentiation of the germ-plasm into accuratelv- 
divisible chromosomes had been accomplished, it was compara- 
tively simple to alter the timing of the various processes involved 
in one cell-division, so as to produce meiosis; and this was fraught 
with such advantages that it was all but universally adopted. 

It is in any case interesting to reflect on certain peculiarities of 
this stage, which must indubitably once have been passed through. 
The existence of mitosis, of however simple a nature, presupposes 
the need for accurate mechanical division of the hereditary 
substance; and this in its turn would not be necessary unless the 
hereditary substance were differentiated into specialized parts 
each with their appropriate functions. Thus the mitotic organism 
has reached a stage of particulate inheritance, based on spatial 
di&rentiation of die germplasm. Yet it would be improper to 
speak of the organism possessing genes, in the sense of definitely 
quantized units. Such units may have existed, in the sense that 
there was a real division between two adjacent regions of a 
chromosome performing different functions. But no method 
whidi we can yet envis:^e would be able to detea this. Genes as 
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we know them are mechanically delimited by tbe lines of poten- 
tial crossii^-over (p. 49), so that the attainment of meiosis is a 
prerequisite for their detection. It may be tbat another type of 
subdivision existed in the chromosomes of pre-meiotic organisms. 
If so, we can only say that it is likely to have been profoundly 
modified by the superposition of a mechanical jointing, for we 
can safely deduce that selection would tend to adjust the two 
functions, and convert the mechanically-determined genes into 
physiological units as well 

Purely mitotic organisms may have enjoyed a more elaborate 
genetic constitution, with its parts more accurately adjusted, than 
pre-mitotic ones. But from the evolutionary standpoint their 
behaviour will be similar. They are compelled to forgo most of 
the advantages of their genetic complexity for lack of the sexual- 
meiotic process which permits the recombination of the genetic 
units. 

The attainment of the meiotic stage was thus the most impor- 
tant single step in the evolution of genetic systems, comparable 
in its evolutionary eflfects to that due to the attainment of a 
cumulative tradition, and thus of a new form of heredity, in our 
own species. 

Mere numerical reduction of the chromosomes to prevent 
doubling of their number in each sexual cycle could perfectly 
well have been secured simply by a failure of chromosomes to 
divide at the first meiotic division. This may have been the first 
step towards true meiosis, and something of the sort occurs 
(though doubtless secondarily) in the meiosis of the heterogametic 
sex of some organisms, such as Drosophila. 

Such a process would also secure recombination; but a recom- 
bination of whole chromosomes only — ^in other words a recom- 
bination of perhaps a few tens of units instead of one of hundreds 
or even of thousands. The evolutionary advantages of a greater 
degree of recombination are so great that this condition, if it ever 
existed, has been entirely supplanted by true meiosis, which 
implies crossing-over as well as nimierical reduction. It is the 
merit of Darlington (see Darlington, 1937) to have shown that 
crossing-over is not merely the occasional accompaniment of 
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meiosis» but its invariable and necessary condition. It is through 
crossing-over that the bivalents arc held together after each 
member of a pair has divided into two chromatids: if it were 
not for the mechamcal union thus provided, they could drift 
apart, since attraction only operates between pairs of homologues, 
and could not hold four together. Chiasmata thus have both a 
mechanical and a genetic function: they provide at one and the 
same time the cross-junctions needed for the cytological process 
of meiosis, and the sectional separations which give rise to 
mendelian recombination of genes. 

Meiosis at its first origin was without doubt a process inserted 
into the life-cycle immediately after fertilization. Not only are 
various primitive organisms haploid throughout their existence 
except for the brief moment after syngamy , but it can be deduced 
on general grounds that any mechanism for reducing the diploid 
number of chromosomes would in the first instance be likely to 
. come into action as soon as and whenever that diploid number 
was reached (Darlington, 1939). Its delayed onset in all higher 
organisms must have been secondarily evolved. 

Thus diploidy, far from being the normal inevitable condition 
we are apt to imagine, was originally an embarrassment to be 
got rid of as soon as possible. Measures had to be taken to prevent 
the doubling of chromosome-number at each fertilization, and 
the simplest way was to reduce it again as soon as possible. 

But this apparently commendable promptness had its draw- 
backs. For diploidy has a manifest advantage over the haploid 
state. It endows the stock with a much higher degree of plasticity 
by permitting it to carry a store of recessives in its germplasm. 
In a haploid, these would be exposed to the full rigours of selection 
in each generation, and the majority of them would be weeded 
out In a diploid, thanks to the full evolution of dominance which 
diploidy must automatically have brought about (pp. 75 seq.), they 
can be carried in evolutionary reserve in reasonable quantity 
without being phenotypically expressed, and so exposed to 
selection, except in a trifling number of individuals. If conditions 
change, some of them may be employed, either unaltered in ex- 
pression, or improved*^ by combination with other reserve genes. 
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So it came about diat pure haploidy is now confined to certain 
Protozoa and simpk Algae, and diploidy has been prolonged 
elsewhere for a number of cell-generations — about lo in rotifers, 
about 50 in our own species. Diploidy has arisen in two ways. 
In the Basidiomycetc fungi, the two gametic nudei do not 
fuse, but persist side by side: as Darlington (1939, p. ij) puts 
it, the organism is diploid although all its nuclei are haploid, hi 
all other forms, the haploid gametic nuclei fuse to form diploid 
zygotic nuclei, which persist throt^h the rest of the diploid, phase. 

The haploid phase is reduced in all Metazoa to the resting-stage 
of a single cell-generation. In plants, this extreme is never reached. 
In Bryophyta the haploid sts^ is the main phase of the life- 
history, both in size and duration. In the Pteridophyta it is still 
independent, but it is now both smaller and briefer than the 
diploid. In seed-plants it has become much reduced and confined 
to one or two cell-generations. But even here a fundamental 
distinction from the metazoan condition remains, notably on the 
male side. While the nuclei of spermatozoa appear^to be quite 
inactive genetically, so that they merely transport their freight of 
genes without being affected by its peculiarities, this is not true 
for pollen-grains, in which particular genes may cause marked 
dif&rences in capacity for germination, rate of growth of pollen- 
tubes, etc. Doubtless the great majority of genes in higher plants 
have no or negligible effects upon the haploid phase, since most 
of them will have been primarily selected for their effects on the 
much more elaborate diploid phase: none the less, haploid 
selection will definitely curtail total plasticity. 

It appears that lethals may act during animal mciosis and the 
early part of the transformation of the reduced cells into sperma- 
tozoa; but once formed the sperms are not aflfected in their 
function by particular genes. In this respect the genetic systems 
of animals are more advanced than those of plants, since the 
reserve of rccessives which they are able to carry must be some- 
what larger. By similar reasoning we may deduce that in regard 
to evolutionary plasticity seed-plants must be somewhat superior 
to ferns and horsetails, and these in turn to mosses and liverworts 
. conclusion whicli seems borne out by the facts. 
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3. the meiotic system and its adjustment 

In general, however, the diploid meiotic system is remarkably 
uniform throughout its very wide rai^ of occurrence. Once 
established, various internal adjustments are effected between the 
parts of the system. In the first place, two conflicting advantages 
must be balanced. It is in general an advanta^ to an organism to 
have its normal constimtion as harmonious as possible, with its 
main genes buffered by modifiers to a maximum efficiency and 
viability (p. 67) and mutually adjusted to each other’s activity, 
and neighbouring genes harmonized through an optiiium 
position-effect (p. 85). Even with organisms that show j^ly- 
morphism or excessive variability, it will be an advantage fonthe 
central core of the constitution to be buffered and adjusted in 
this way. But it is also in general an advantage to an organism 
to possess a considerable amount of evolutionary plasticity. The 
former is a short-term advantage, giving the closest possible 
adaptation to existing conditions, the latter a long-term advan- 
tage, comii^ into play if conditions change or even eiubling 
the stock to extend the range of conditions in which it can thrive. 

Stabilization of internal adjustment can be achieved by decreas- 
ing recombination, plasticity by increasing it. Low reccfmbina- 
tion is best e&cted by keeping a large number of genes (here 
regarded as mutational units) together in mechanical union 
— ^in other words by a reduction in the number of chromo- 
somes and a low chiasma-frequency. High recombination implies 
the reverse — an increase in chromosome-number and in crossing- 
over. Extreme reduction of chromosome-number is diffietdt 
owing to the mechanics of meiosis and mitosis — a single centro- 
mere cannot effidendy cope with more than a certain length of 
chromosome parlington, 1939, p. 77), and in point of fact we 
find a negligible fraction of spedes with a haploid number below 
4. Similarly, chiasmata normally have an essential fiincdon in 
keeping bivalents together in the later stages of meiosis, so that 
there will be a minimum crossover-recombination doe to this 
mechanical cause. There is also a mechanical upper limit set to 
the number of chiasmata within a single chromosome, whkh 
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is revealed geii|fically by the phenomenon of interference. 

For this an# other reasons we shall not expect the adjustment 
of what Darlington (i939^> p- 77) calls the recombination-index 
to the conflicting evolutionary needs of the organism to be at all 
close. That it is not so is shown by the vanadons in mode of life 
shown by organisms with similar recombinadon-indices, and 
conversely by the vanadons in recombinadon-index shown by 
closely-related organisms with similar mode of life. 

None the less, some adjustment undoubtedly exists. Chiasma- 
frequency in general tends to lie below its mechanical upper 
limit, thus reducing possible recombinadon. On the other h^d, 
those forms in which recombinadon is markedly reduced or 
absent (e.g. translocadon-hybrids such as Oenothera-, high auto- 
polyploids such as Rumex lapathifolium-, apomicts, hybrid or 
otherwise, as in Taraxacum and Crepis) are for the most part 
doomed to eventual exdncdon as condidons change and they 
sufler in compeddon with more plasdc rivals. Thus in the cvolu- 
donary long run the forms with reasonable recombinadon will 
survive to consdtute a majority, and at any given dme those with 
recombinadon markedly reduced or absent will be new and 
reladvely short-lived types, and will be in the minority. 

Adjustment of the two conflicting needs thus tends to be 
effected in two rather diflerent ways. The need for stability will 
be met by keeping chromosome-number and chiasma-frcquciicy 
below the maximum possible; the need for plasddty by the 
diflferendal exdncdon of the less plasdc types. 

Plasticity will obviously be affected by mutation-rate as well 
as by recombinadon-index. We know that genes exist whidi 
aflect the mutadon-rate of other genes (see Sturtevant, 1937 , for 
summary), even though the number yet described is very smalL 
Though detailed mathematical analysis is desirable, it is clear in 
principle that in a slow-growing organism like an elephant or a 
tree, mutation and recombination will give a much lower pro- 
duction of novelty and plasticity than in an insect like Drosophila 
with a dozen or more generations annually. 

We may thus expect with reasonable assurance that mutation- 
rate also will be in some degree at^usted to evolutionary needs. 
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On the other hand, here too there is bound to be a great deal of 
lag, and much of the adjustment will concern life as a whole, 
operating by the eventual extinction of the inherently less plastic, 
instead of concerning the separate species and operating by 
changin g their separate mutation-rates. Comparative studies in 
this field will be of the greatest interest. Meanwliilc, we can 
point to the much greater observed diversification of herbs than 
of trees, of insects than of fish or mammals, as a probable evolu- 
tionary consequence of liigh plasticity due to more rapid succession 
of generations. If the slower-breeding forms have attempted to 
compensate for their disadvantage by increased mutatiqn-rate 
(sec p. 54), the compensation has been a very imperfect onfc. 

Interesting results arc observed when single chromoson^s or 
chromosomal regions arc debarred from recombination ‘with 
their homologucs. The most obvious case is that of the differential 
segment of the Y-chromosomes in organisms with a specialized 
chromosomal sex-determining mechanism. Here, the homologue 
(X) behaves as a normal chromosome, since it can cross-over in 
the homogametic sex. Thus not only do Y-chromosomes sufier 
a loss of plasticity, but degenerative mutations, if recessive, can 
accumulate in them, shielded from selection by their dominant 
alleles in the partner chromosome or region. This process has 
much more intense effects than mere loss of evolutionary plasticity 
and leads rapidly to the region becoming converted into genetic- 
ally “inert” material (though it may retain important metabolic 
functions: Schultz, Caspersson and Aquilonius, 1940). As Muller 
pointed out in 1918, the fact that (part or all of) the Y is debarred 
from recombination by absence of crossing-over has allowed 
“loss” mutations to accumulate in it until it has become genetically 
vestigial. In man and Drosophila it still contains a few active 
genes; in Drosophila XO males are sterile (abnormal vas deferens) ; 
“bobbed” and ever-sporting eye-colour (Gowen and Gay, 1933) 
are also Y-bomc. 

As with somatic vestigial organs, the Y-chromosomc is very 
variable in size in closely related species and even witliin the same 
species. Furdier, once it ceases to contain effective genes, a 
meclianical accident at mitosis or mciosis may cause its loss 
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without diis^ift^;ing any untoward consequetices in its train. 
Thus die XO conation has frequently evolved from the XY. 

Somewhat different conditions are provided when recom- 
bination is equally reduced in all representatives of a chromo- 
somal region. This occurs generally, and perhaps universally, in 
the portion of the chromosome immediately adjacent to the 
centromere. For simple mechanical reasons, breakage and inter- 
change is unlikely or impossible within a certain distance from 
the centromere. It is interesting to find that here, too, complete 
or considerable inertness has been a frequent result. Evidently, 
the shielding of reccssives from selection, while it is bound to 
accelerate the tendency to inertness, is not the only condition for 
it to occur; the complete or almost complete debarring of a 
region from recombination may be sufficient condition for it to 
become inert. 

On the other hand, in other circumstances, it may not. This 
is clearly so whenever structural hybridity, whether dependent 
on inversion or translocation, has become a characteristic feature 
of a species. In the regions adjacent to the centromere, there is 
always a reduction in crossii^-ovcr. But with sectional rearrange- 
ments, only the hctcrozygote is affected: crossii^-over continues 
undiminished in both homozygotc types. The heterozygous 
combination will therefore not become the sole or the dominant 
type unless it is endowed with some countervailing advantage. 
Such an advantage may very well accrue from heterosis, since, 
granted that an inversion or translocation persists at all, its genetic 
isolation from its homologous region will force it to diverge 
and allow selection to differentiate it furtlier as a regional stabilized 
system (p. 362). Once heterozygosity is endowed with selective 
advantage, it will become the dominant or sole phase; and further, 
inertness wiU no longer be encouraged in one or both of the 
partner regions, since the selective value of the condition depends 
on the activity of both regions in combination. 

In such cases, the loss of plasticity due to lack of recombination 
will be adjusted, if at all, by the extinction of the type. The great 
variability in die degree of interchange hybridity in Oenothera 
seems to be evidence of the recent development of the condition 
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in this genus; vihile the state of afi^ in Rhoeo, where all die 
chromosomes form a ting, and only a single species remains, 
“restricted in distribution and almost invariable in form” Dar- 
lington, 1939b, p. 92), indicates that this genus has been paying 
the penalty for its loss of plasticity. 

Mather (1940) has recently discussed the evolutionary impli- 
cations of monoecism and dioecism. Complete separation of the 
sexes promotes outbreeding, but leads to wastage of gametes 
except where, as in higher animals, discriminatory madi^ occurs. 
In higher plants minimum wastage is best secured by monoecism 
combined with devices to prevent self-fertilization. Sudi sub- 
sidiary devices are more rea^y changed if increased inbre^ing 
is required (cf. Lewis, 1941, on the flexibility of cytoplasmic as 
against ge^ic control of male-sterility). 

In gynodioecism, purely female individuals occur as well as 
monoecious ones. As in other cases of dimorphism (p. 97), this 
rests on a flexible selective balance, determining the proportion of 
female plants (p. 107). The advantage of outbrcd ofispring is set off 
agairist the disadvantage of producing only one kind of gamete. 

Invenions and translocations can be considered from another 
angle— as one of the aberrations to which the diploid meiotic 
machinery is subjert. Some of these aberrations need not be 
considered here, since, like the production of acentric or dicentric 
chromosomes, they are lethal, and so cannot play any part in 
evolution. Those which interest us are the types which are 
capable of survival and therefore of being promoted from 
aberration to norm. 

The most obvious of such changes is polyploidy, and the most 
obvious fact about polyploidy is its rarity in higher animals as 
opposed to its abundance in higher plants. It appears probable that 
nearly half the species of flowering plants are polyploids. 

Permanent anisopolyploidy is inevitably associated with some 
form of non-scxual reproduction, since triploids and the like- 
are incapable of perpetuation by sexual means. Thus, since both 
vegetative reproduction and apomixis are very much commoner 
in plants than animals, the same is true of anisopolyploids. 

Tliis holds also for tetraploids and odier isopolyploids. It is 
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at first si^t jlp^dicar why (his dbould be so. However, there are 
several reasons, hi the first place a single autotetraploid individual 
has much less chance of establishing a tetraploid strain in animals 
owing to the rarity of self-fertilization in them: autotetraploids 
are often sterile with the corresponding diploids, and even if 
fertile, the o&pring are triploid and therefore sexually sterile. In 
cross-fertilized species, vegetative reproduction and apomuds wiU 
also tend in the same direction. When facultative, they may 
multiply the original single tetraploid many times, and so increase 
the chances of two meeting when sexual reproduction supervenes. 
This, however, will not wholly account for the facts. Auto- 
tetraploids arc always initially handicapped by reduced fertility, 
since the four homologous chromosomes of a set by no means 
always separate in pairs at.meiosis, and when three separate from 
one, chromosomally unbalanced types result which often display 
reduced viability or fertility. Autotetraploids arc thus most 
unhkely to establish themselves except in types with some form 
of non-sexual reproduction — ^in other words, except in plants.* 
The rare cases found in animals are usually parthenogenede (e.g. 
the moth Solenohia and the crustacean Artemia). 

Allotctraploids are not always restricted to forms which can 
carry oil by means of non-sexual reproduction. Thus in certain 
moth hybrids (e.g. Pygaera), pairing does not occur at mciosis, 
but the chromosomes all remain as univalents which divide twice 
by mitosis, giving diploid gametes. However, this is irrelevant 
from the evolutionary point of view since behaviour-barriers to 
mating prevent hybridization in nature. 

In various plant species-hybrids, too, paiiring fails to occur in 
all or almost all chromosomes at meiosis, and unreduced gametes 
thus result (though one of the two meiotic divisions is suppressed). 
This occurs, for instance, in the celebrated radish-cabbage hybrid 
Raphanobrassica. In other cases, however, as in Primula kewensis, 

* In higher plants there are of course great variations in the degree to which 
non-scxual reproduction is available, '^us, as Darlington points out (1939, 
p. 105), since autotetraploids arc very unlikely to establish diemsclves in nature 
except where such meoiods of reproduction arc available, “by discovering their 
occurrence among plants, we are therefbte indireedy discovering the degree of 
importance of sexual fertility in the life of the species, a matter to which little 
attention has been paid in the past.” 
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the diploid hybrid is sterile because its chromosomes show regular 
pairing. The chromosomes of the two parent species, P. Jioribunda 
and P. uerticillata, have differentiated siiffidendy (largely we may 
presume, dirough translocations) for them to be no longer 
functionally equivalent, so that a haploid set consisting of mixed 
chromosomes from the two species will not be viable. 

Fertility can here only be restored by means of somatic doubling 
of chromosome-number, resulting in a tetraploid shoot. The 
pairing attraction between chromosomes of the same species is 
greater than that between those of different species, soj that 
opioid gametes each widi two complete or functional lumloid 
sets arc produced, and fertility is restored. But the producti^ of 
a tetraploid shoot is a rare phenomenon: in P. kewensis it di<^ not 
occur until after many generations of vegetative propagation. 
Nothing of the sort could have occurred in a higher animal. 
Finally, there is the e x istence in all or almost all higher animals 
of a chromosomal mechanism of sex-determination. This, as 
Muller pointed out many years ago, will in most cases fail to 
function in a tetraploid individual, giving numerous intersexes 
or other sterile forms. It is true that in the white campion Melan- 
drium, which has an XY sex-determining complex, this still 
functions in the tetraploid (Wamke and Blakeslee, 1939); but 
this is due to special quantitative relations between the sexual 
valency of the X-chromosome and the autosomes, which are 
unlikely to occur generally. 

But animals are not wholly debarred from enjoying any of the 
benefits polyploidy may bring. They do so through the method 
of “repeats” or redupheations of small sections of chromosome, 
which bring about what may be called a partial polyploidy. As 
M. J. D. White says (1937, p. 107), “that part of their gene- 
complex which is tetraploid is possibly less subject to the con- 
servative efiea of natural selection and is consequently in more 
active evolution.” This was not discovered until recently, and the 
extent to which it occurs has, up till now, been investigated only 
in Drosophila and other Diptera in which the enlarged salivary 
gland chromosomes permit direct examination. However, its 
widespread existence- in these forms, coupled with general 
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theoretical ccMBi^radons on secdonal rearrangements, tnalfp« it 
possible for sudi an authority as Muller (1940) to assert that even 
in plants it must have played a more important evolutionary role 
than straightforward polyploidy. 

4. THE CONSEQUENCES OF POLYPLOIDY 
We must now consider the evolutionary effects, immediate and 
secondary, of polyploidy (pp. 334 seq.). In autopolyploidy, an 
obvious immediate effect will be the restriaed evolutionary func- 
tion of recessive mutations. In most cases these will not exert any 
phenotypic effect unless they are present in all four of the homo- 
logous chromosomes (though cases exist where three recessives 
dominate over one dominant), so that the chance of a recessive 
character reappearing after a cross is reduced to that for a double 
recessive combination in diploid organisms. This" effect increases 
by powers of two for successive steps in chromosome-doubling, 
so that in high autopolyploids with i6h or higher number of 
chromosomes, recessives virtually cease to have any effect on the 
organism, either in regard to their single effect or in recombina- 
tion. Such forms have their stability-plasticity balance tilted over 
in favour of stability, and cannot be expected to survive if 
environmental conditions change to any considerable extent. 

Meanwhile, however, if repeated dbromosome-doublings do 
not take place too rapidly, and if the species does not rely solely 
or mainly upon vegetative reproduction, coimteracting tendencies 
are likely to operate which will convert the phylogenetic auto- 
polyploid into a functional allopolyploid, at the same time 
restoring its sexual fertility (p. 335). 

One method by whidh this is achieved is by reducing the 
number of chiasmata to one per chromosome, which auto- 
matically operates to prevent the formation of quadrivalcnts as 
in Tulipa (Upcott, 1939). If any genes exist or later appear which 
alter tiie diferential pairii^ attraction of either of the two 
members of any chromosome-pair of the original diploid set, 
not only will fertility be restored but some degree of genetic 
isolation will arise between the two chromosome-pairs of the 
tetraploid and will tend to be self^inforcii^. Presumably diis 
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effect, if strong enot^h, could operate at initio, without prior 
reduction of the duasma-fbequency, but cases of this are not yet 
known. In any case, once such genetic isolation has been estab- 
lished, it will open the door to a functional differentiation between 
thetwohomologouspairsasregards their extemallyadaptive effects. 

Another method involving adjustment of the number and 
behaviour of chiasmata is found in Dahlia, in this case permitting 
multiple pairing but compelling regular segregation (see 
Darlington, 1939. p- 39 )- 

In any event, sexual reproduction in an autopolyploid implies 
natural selection for fertility, and this automaticiUy tenl^ to 
convert the species into a functional allopolyploid. \ 

Polyploidy may be expected to increase delicacy of geSpetic 
adjustment in certain respects, by increasing the number of 
multiple factor systems. In an octoploid, for instance, every kind 
of gene has four homologous representatives. Where all con- 
tribute something to a phenotypic result, a very flexible system 
is available (see Winge, 1938, on genic replication in general). 

hi general, the evolutionary consequences of polyploidy may 
be roughly compared with those of metameric segmentation in 
Annulata: a number of homologous parts are available,, between 
which functional division of labour is then possible. The fact 
that the division of labour is genotypic instead of phenotypic is 
irrelevant. The chief difference is that in metamerism the parts 
are initially repeated a large and indefinite number of times, and 
their later divergence is accompanied by a reduction and definition 
of their number, hi polyploidy, on the other hand, the parts are 
never repeated indefinitely, nor, indeed, many times over, and 
functional divergence may and does begin when they are merely 
doubled. Nevertheless, the analogy is a real one. 

In allotetraploids, some degree of functional autopolyploidy 
often remains. The reason for the fertility of a form like the 
tetraploid Primula kewensis is not any inability of the homologous 
chromosomes of the two parent species to pair, for they do pair 
regularly in the diploid hybrid. It resides in a differential pairing 
affinity as between identical and merely homologous chromo- 
somes: where tetraploidy has provided two identical chromo- 
somes of ea^ sort, these will normally begin to pair with each 
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Other rathet^fthSb. widi eitl^r of their two homolc^ues from the 
Ollier species, and the rapidity of pairing usually does not allow 
odier chromosomes to be drawn in to form muldvalents. 

Occasionally, however, some medianical accident permits the 
pairing of non-identical chromosomes or the formation of quadri- 
valents. In such cases, a new type of variation occurs. Segregation 
takes place between chromosome-segments of the two ancestral 
species (pp. 343, 345; Darlington, 1939, p. 38). Since the ancestral 
species may be phylogenetically quite remote, the variational 
consequences may be unusual and considerable. Here again, it 
is to be expected that selection will automatically step in to 
reduce the frequency of such behaviour, sioce the extreme 
variants are likely to be less viable than normal. Accordingly, the 
“interspecific segregation” is more frequent in relatively recent 
alletraploids, such as Triticum vulgare or Nicotiana tabacum. 

The interaction of the two gene-complexes wiU also produce 
various new effects, sometimes unfavourable, sometimes favour- 
able (pp. 66, 341 seq.). 

It remains to mention one other selective adjustment which 
occurs in both auto- and allotetraploids, namely, the abolishii^ 
of much of the physiological effett of polyploidy. Polyploids at 
their first formation appear invariably to show some degree of 
gigantism, and often vary from the diploid in respect of their 
general vigour, temperature-resistance, and flowering period. 
These latter properties have often proved to be pre-adaptive, in 
that through them polyploids have extended their range beyond 
that of their ancestral diploids. With reSpect to their gigantism, 
however, the general rule has been for this to be reduced or wholly 
abolished in the course of evolution. Even octoploid forms exist 
which are identical in size and appearance with the diploid 
(e.g. in Silene ciliata: sec Darlington, 1939, p. 39). This fart can 
only be due to adjustment through selection, and is strong 
evidence for conclu^g that the mean size of a plant species is 
an adaptive dharacteristic. Darlington suggests that the absence 
of polyploidy in certain genera (e.g. Ribes) may be due to the 
failure of these secondary genetic adaptations.* 

* The absence of polyploidy in Gymnospenns and in various Angiospeim 
genera is apparently due to its being mediankally impossible where chromo- 
somes are too large rdarively to cell-size (see Darlington, 1937, p. 84). 
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5. SEECEES-HYBRIDIZAnON AND SEX-DETERMINATtON: 

CONCLUSION 

It temains to consider odier modifications of the basic meiotic 
system, and their consequences. Fertile spedes-hybrids, quite 
apart from any questions of polyploidy, appear to be much 
commoner in nature among plants than among animals. This is 
due to two quite different causes. In the first platx, they are much 
more readily formed in plants, owing to their passive methods of 
cross>fertiiization by wind or insects, and to the consequent 
absence in them of reproductive barriers based on maf^g- 
preferences, which are all but universal in higher animals. < 

In the second place, they are more likely to be fertile owin^ to 
the absence of the delicately adjusted sex-chromosome mechan- 
ism. In animals, the heterogametic sex in species-hybrids is 
often wholly or partially sterile (Haldane’s rule) owing to im- 
balance between the sii^le sex-chromosome derived from one 
parent species and the autosomes derived from both.* 

Where the ranges of diverging plant species overlap, selection 
will nonnally step in to erect genetic barriers between them. But 
where they have difierentiated in isolation from each other, then 
fertility on crossing will often remain. Species-hybrids are thus 
only likely to occur on a large scale where circumstances cause 
species to be brought together secondarily. The recent geological 
past is a period when this has been happening on a very large 
scale, owing to the high degree of range-change consequent on 
the alterations of climate since the beginning of the last glacial 
period. During the recent historical past an additional agency 
promotii^ species-hybridization has been at work, in the shape 
of human interference. This may be direct and intentional as 
when new species: are deliberately introduced; or direct and 
unintentional, as when they are accidentally transported to new 
areas (cf. die production of the hybrid species Spartina toumsendii 

* This is by no means universal, as is shown by the high fertility of species- 
hybrids in, e.g., ducks and pheasants. Here, however, the formation of species- 
hybrids in nature is prevented by mating barriers. In other cases, such as fresh- 
water fish (Hubbs and Hubbs, 1933). species-hybridization occurs not infre- 
quently in nature, in spite of resultant infertility and upset of sex-ratio. 
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OAving to tliawradeiital importation of an American species of the 
genus to Europe; p. 341) ; or uidirect, as when species m6et owing 
to dianged ecological conditions caused by man’s interference. 
Deforestation in the Balkans, for instance, has provided oppor- 
tunities for many plant spedcs to meet and hybridize (p. 258); 
the extension of cultivation has allowed many weeds of culti- 
vation to spread far from their original home. 

These two causes taken together have resulted in a degree of 
spedes-hybridization which must be unprecedented in evolution- 
ary history. Confining our attention for the moment to fertile 
spcdes-crosses, one result has been the production of “hybrid 
swarms”. These have been described on a large scale in the New 
Zealand flora (p. 355; Allan, 1940), but it is probable that this is 
primarily due to the aeddent of the existence of New Zealand 
botanists interested in the problem, and that equal attention 
would reveal comparable phenomena in other parts of the world. 

Sometimes the hybrid swarm has a mean which is intermediate 
between the parents, thot^h of coune with excessive variability. 
In other cases, as with Centaurea hybrids in Britain (p. 258), the 
result in some localities is the virtual disappearance of one parental 
type, save for the modification and enrichment of the other by 
a certain number of its genes, hi any case, we have here another 
example of a mode of evolution to all intents confined to higher 
plants. 

When spedes-hybridization is combined with polyploidy and 
apomixis, more complex phenomena result. When hybridization 
is solely or mainly initial, the result is the formation of numerous 
collections of apomicts each centring round a certain mean, as 
discussed for Crepis on p. 375; and see Turrill (1938c) for Taraxa- 
am. Where, however, some of the products of initial hybridization 
continue to cross, we obtain elaborate complexes such as those 
of Rosa, Rubus, etc. (p. 351), in which a number of initial forms 
are combined in an evolutionary reticulum. Reticulate evolution 
in this form appears to exist only in plants. In animals, it occurs 
on a much more modest scale and at a lower taxonomic level, 
being usually restricted to the formation of “hybrid swarms” 
between a Umited number (usually only two) subspedes. The 
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only case in which it has reached larger scope is in our own 
species, where excessive mi^adon, coupled with a breakdown of 
purely insdncdve madng-barriers, has catised it to operate on a 
world>wide scale, producing a phenomenon not found elsewhere 
either in plants or animals. 

We have several times found the presence of the chromosomal 
sex-determining mechanism operatii^ to prevent the occurrence 
in animals of this or that phenomenon found in plants. Its presence, 
however, also has certain positive consequences. Some of these, 
like dosage-compensation of the effects of sex-linked gene^, or 
indeed the phenomenon of sex-linkage itself, do not seedi to 
have further evolutionary effects. There are, however, dj^Iier 
effects. For instance, the need for suppressing crossing-Over 
between the differential segments of X and Y has brought with 
it, apparendy as secondary consequence, a lower cross-over value 
in all chromosomes of the heterogametic sex. The reduction 
may be sUght, or it may be total as in Drosophila. Unless this is 
compensated for by an increase of crossing-over in the homo- 
gametic sex, the evolutionary plasticity of the species will be 
correspondingly lowered. 

The genetic isolation between X and Y leads to a progressive 
increase of inertness in the Y, and often to its total disappearance. 
Especially in early stages of differentiation, an XY may switch 
over to a WZ (female hetcrogamety) mechanism, as is seen in 
cyprinodont fishes. Even in highly specialized forms such as 
Drosophila, the role of sex-chromosome may be taken over by 
different parts of the whole chromosome-complex in different 
species of the same genus (see Muller, 1940; Waddington, 1939). 

In such an essentially unstable system situations often arise by 
which there are more than one pair of cither X’s or Y’s produced, 
and in some cases astonishing compUcations such as that found in 
the fly Sciara (with its eUmination of whole chromosomes, in 
different lines producing broods of different sexual types, etc.; 
see e.g. Mete, 1938). But none of these effects is important from 
the evedutionary point of view. 

There is another method of sex-determination, however, which 
does have interesting evolutionary consequences, and that is the 
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method of h&pioidy, where the haploid condition deter- 
mines makness, the diploid condition femaleness. This is best 
known in the Hymenoptera, where it is certainly widespread and 
possibly universal, but has been independendy evolved in Thysan- 
optera, in two families of Hemiptera, and one of Coleoptera, in 
certain mites, and in rodfen (tabulated in M. J. D. White, 1937). 
The origin of this mechanism is still obscure, though work on 
the parasitic wasp Habrobracon shows that it here operates in 
conjunction with female heterogamety and diflerential fertil- 
ization. 

Its consequences, however, are obvious enough; all recessives 
will be subject to much more strii^ent selection through being 
robbed of any shelter from their dominance whenever they pass 
into the male sex. We might at first sight expect this to result in 
the purgii^ of virtually all recessives from all the chromosomes, 
in the same way that unisexual haploidy of the sex-chromosome 
has led to die virtual absence of sex-linked recessives in natural 
populations of animals with an XY mechanism (p. 117); which 
in its turn would reduce the evolutionary plasticity of the type 
to a very low level. 

This may have been the effect in certain cases, but it is difficult 
to believe that it has occurred in the Hymenoptera, where forms 
showing this method of sex-determination have achieved a great 
amount of adaptive radiation and have given rise to some of the 
highest and most successful types known among animals. We 
should hesitate to believe in ffie general value of diploidy if it 
had been in truth almost entirely sacrificed in this group. 

Doubtless male haploidy does very speedily purge the germ- 
plasm of obviously deleterious recessives; and this, combined in 
social Hymenoptera widi the intense mating competition among 
the maK, must result in a genetic constitution that is extremely 
fffiript it: for immediate purposes. Meanwhile recessives can still 
be carried by the diploid females, which, be it remembered, 
usually enjoy an actual or an effective predominance over the 
males, either duoigh the existence of temporary parthenogenesis 
or through so^ organization in social forms. We must 
accordiigly presume that recessives of evolutionary value arc 
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letained in tbe consdtuticni dhroogh some fonn of dosage- 
compensadon analogous to that which obtains within tbe X- 
chromosome in forms with an XY mechanism. 


There remain certain essentially minor types of evolutionary 
modification of the genetic system. Qne of them, that culminating 
in the production of true-breeding translocation hybrids, has 
received a great deal of attention owing largely to the historical 
accident that its existence in Oenothera led de Vries to enun^te 
his theory, which later proved to be erroneous, of evolution by 
large mutations. We now know that this method, for all^the 
complications of its working and the intense interest which! its 
analysis has provided, is both rare and of restricted evolutionary 
importance, since it condemns the types which practise it to loss 
of plasticity and so to eventual extinction (p. 139; Darlington, 

1939). 

The analysis could be pushed much further. Facultative and 
obligatory apomixis, facultative and obligatory sdf-fertilization 
each impose their own evolutionary consequences; so do the 
various degrees of gametic and zygotic mobility and other 
factors affectii^ the freedom of movement of genes within a 
population; so, as we have already pointed out, do the different 
intensities of selection to which a type is subjected. Space, how- 
ever, will not permit us to pursiK the subject. Enough has been 
said to show each major group, and various minor groups 
within the major, will have their own peculiarities of genetic 
Systran and accordii^ly their own characteristic modes of evolu- 
tion. We must not expea plants to evolve along the same lines 
as animals . Flowering plants will difier from mosses in their 
modes of spedation, trees from herbs, Hymenoptera from 
Crustacea, corals firom higher vertebrates. The variety of genetic 
systems and of modes of evolution is as important a faa of 
biology as the variety of morphological types. 
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I. THE BIOLOGICAL REALITY OF SPECIES 

Our third chapter was in the main concerned with the modus 
operandi of natural selection in a mendehan world. We must, 
however, beware of thinking that the conclusions thus arrived 
at cover the whole field of evolution. There is a danger that the 
undoubted and in some ways spectacular success of mathematical 
and deductive methods in clarifying our vision and definite the 
course of one type of evolutionary process may distract attention 
from others of equal or at least of major importance. 

Deduction and mathematical generahzation can only achieve 
valuable results with the aid of a firm foundation of faa: the 
history of science abounds with examples. Indeed, the history of 
this particular subject is especially instructive on the point. The 
biometric^ school, inspired by Gallon and carried on by Karl 
Pearson and his disciples, such as Weldon, appUed mathematical 
methods of extreme deUcacy and ingenuity to the study of 
evolutionary problems. But the foundation on which tlicy built 
was one of assumptions. When these were not simply erroneous, 
like the assumption of blending or of non-particulatc inheritance. 
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tliey were extremdy incompleix; or partial, like the assumption 
of genetic regression, or that of the truth of Galton’s so-called 
Law of Ancestral Inheritance, which have validity only as statis- 
tical formulations and even at that are no more than first approxi- 
mations. As a result, it is not unfair to say that on the biological 
side (as opposed to the mathematical, where definite progress 
occurred) no fundamental advances were registered through the 
employment of the biometric treatment. This is in strong contrast 
with the rapid and steady advances which followed on the dis- 
covery of the mendelian facts of segregation and recombination. 

The more recent fruits of evolutionary mathematics hive been 
of far greater value, because mathematical treatment has in this 
case been applied to a firm basis of fact. This basis of facL how- 
ever, has been for the most part confined to the elenientary 
behaviour of genes — segregation and recombination; dominance 
and recessiveness and their possible origins; gene-mutation and 
its frequency, in relation to total numbers. 

There is no doubt that the conclusions deduced from these 
data are of extreme importance: but it is equally certain that they 
do not cover the whole field. It has been known for some time 
that genome-mutations (polyploidy) play a considerable role in 
higher plants. Later research has shovm that aneuploidy, hybrid- 
ization, segmental interchange, and other processes affecting the 
chromosomal mechanism of heredity are also of importance in 
plants, and the most recent work on Drosophila has shown that 
many of them have had their part to play in animals too. These 
points have been dealt with in the preceding chapter. 

So far, almost the only attempt to generalize these facts and 
to use them as a basis for large-scale deduction is that of Darling- 
ton (1937): it seems clear, however, that this is a necessary next 
step. Evolutionary mathematics in the pre-mendelian era was 
litoe mote than a chimera bombinating in a biological vacuum. 
In the transitional period, with which the name of R. A. Fisher 
is especially associated, genes have been the grist for its mill. The 
time is now approaching when the chromosomal and genic 
apparatus in its entirety, vdth all the peculiarities of its behaviour, 
can be utilized as factual basis. 
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Mea&wfaik has already {nrogressed far enou^ to 

diow that th^ peculiaritaes of chromosomal behaviour iire of 
great importance in evolution. We may discover eventually thart 
they have somethii^ to say in regard to long-cange evolutionary 
trends, to the initiation of new evolutionary possibilities, and other 
mayor prexesses. So far, however, their chief importance appears 
to he in producii^ diversification through specks-formation; and 
it is to t^ process of species-formation that we must now turn. 

Darwin himself happened to confuse the issue by' calling his 
greatest book the Origin of Species, though this is but One aspect 
of evolution. Evolution must be dealt with under several rather 
distinct heads. Of these one is the origin of species — or, if we 
prefiir to beg no questions, we had better say the origin of bio- 
Ic^cally discontinuous groups. Looked at from a rather broader 
ai^le, this problem presents itself as the origin of minor systematic 
diversity, including the origin of what taxonomists call varieties 
and subspecies, species, genera, and perhaps famOies. Another is 
the origin of adaptations. A third is extinction. Ahd a fourth, and 
in many ways the most important, is the origin and maintenance 
of long-rai^ evolutionary trends. 

It is, of course, true that these all overlap and interlcxJc. A loi^- 
range evolutionary trend caimot take pla^ without involving the 
origin and apparendy the extinction of many species, or without 
involving the origin and improvement of many adsiptations. 
Most adaptations themselves involve at least subspecific or 
specific change, and many subspedfic and specific characters are 
adaptive. None the less, the distinctions arc real and important. 
The origin of minor systematic diversity in general seems to have 
little to do with die nuyor processes of evolutionary change; and, 
as various authors have shown (see especially Robson, 1928; 
Robson and Richards, 1936), specific and other minor systematic 
characters firequendy have no discernible adaptive significance.* 
Accordingly, I propose to deal with each of the topics in turn. 

* I say discernible. This is partly because much of spedadon is concerned with 
invisible, physiological characters; partly because taxonomists deliberately prefer 
to base tficir dh^oses on non-adaptive characters; and partly because many 
noiMdaptive characters are correlated with adapdve ones. But even so, a number 
of non-adapdve ^ctfic characters would seem to remain. 
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Hrst, dien, we have the probkm involved in die ongin of 
species. As a piehminaty to that, demands that we dioold 
define the term. It may be that logic is wrong, and that it would 
be better to leave it undefined, accepting the fact that all l^logists 
have a pragmatic idea of its meanii^ at the back of their heads. 
It may even be that the word is undefinable. However, an 
attempt at definition will be of service in throwing light on the 
diffictdties of the biological as well as of the logical problems 
involved. 

In the first place, although, as we shall see later, the degtees of 
discontinoity represented by good species and by certam types 
of subspecies constitute favoured equilibrium-positions m the 
process of taxonomic differentiation, so that borderline cases arc 
rendered less frequent than we should otherwise expect\ yet 
there cannot be any hard-and-fast distinction between a spiscies 
and a subspecies or variety, since in many instances one arises 
gradually out of the other in the course of evolution, and it must 
often be a matter of taste and convenience where the line is drawn. 

Secondly, a very important fart for our discussion, there are a 
number of quite different kinds of animal and plant species, 
difiering in their mode of origin and in their biological character- 
istics. The remainder of this and of the following chapter will be 
mainly concerned with amplifying the evidence for this fact and 
drawing condnsions from it. Here we will merely mention a few 
points. In so far as species are biological units, markeo off from 
related units by partial or complete discontinuities, they may 
originate in several different ways (see e.g. Rensch, 19390): the 
most important are the geographical, the ecological and the 
genetic. With geographical difierentiation, spatial separation is 
the primary factor, paving the way for biological divergence and 
subsequent discontinuity. With ecological differentiation die 
primary factor is divergence in functional specialization, whidi 
may lead to full spedation with complete biological discontinuity 
even within one and the same geographical area. And widi 
genetical differentiation, the primary l^or is some alteration in 
the genetic machinery underlying heredity, sex, and reproduction. 
This acts at once and automatically, either to prevent mter- 
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crossing |t!ie two types, or to lender dan or dbeir 

hyloid (^pnog partiaBy or wholly infmile. 

Each of doe main types of spedation produces spedes with 
somewhat difierent biological characteristics. Related geographical 
spedes tend to be distinguished by broad and general adaptations 
to dimatt, and to lack special genetic or behaviour mechanisms 
evolved for the prevention of intercrossing: when geographical 
accidents produce complete spatial discontinuity, t^ will tend 
to produce a greater degree of biological discontinuity than 
would otiierwise have occurred. 

In addition, when isolation is relatively complete and whoi, in 
addition, the isolated populations are sm^, non-adaptivc is super- 
imposed upon adaptive divergence, often to a marked degree, 
chiefly owing to what we have called the Sewall Wright effca, 
or drift. Related ecological species tend to be characterized by 
detailed adjustment to special habitat and mode of life, and often 
by special adaptations to prevent intercrossing. And genetic 
species, especially those which are biologically more or less com- 
pletely discontinuous from the outset, will owe their success 
initially to general and intrinsic characters like vigour, not to 
gradually-evolved adaptations, whether general or special; 
further, the difierences in morphological, and other, “characters” 
by which they are distinguished from their closest relatives will 
often be, relatively speaking, small (see p. 385). 

Species will also ^er from group to group and from area to 
area, both for intrinsic and extrinsic reasons. The nature of the 
reproductive and sexual mechanisms found in a group will have 
an influence on the nature of species that constitute it. When 
asexual reproduction exists, either exclusively or side by side 
with sexual, certain possibilities of species-formation arc open 
which are not available to exclusively sexual forms. Similarly the 
typical animal method of sex-determination by dissimilar s«- 
chromosomes almost entirely rules out certain methods of 
spcciation found in plants (p. 142). 

^^ain, sedentary and less mobile forms will difler, especially 
as regards the degree of geographical spedation, from more 
mobile types (p. 239). And ecological spcciation is encouraged 
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by a decrease of biological competition (p. 323). Of course, tljese 
various differences of origin, nature, and environment may over- 
lap and combine, so that there will be great variation in die size, 
discontinuity, and distinguishing characteristics of species in 
different groups and different regions. 

It is this faa, of the existence of different kinds of species and 
of different degrees of spedation within each kind, which makes 
it difficult to give a satisfactory definition of a species, and makes 
us sometimes wonder whether the term itself should not be 
abandoned in favour of several new terms, each with 3 more 
precise connotation. However, we may here reflea that dk term 
species has a practical as well as a theoretical aspea. It is ne^sary 
for the museum systematist to have some criterion by which he 
can allot specimens to the pigeon-holes of named taxonomic 
units. Frequendy he has to give an opinion on a few preserved 
specimens sent for identification. His work may often have 
important practical bearing: it is necessary for practical reasons 
to be able to distinguish between a mosquito that transmits 
malaria and one that does not, or between two plant species in 
only one of which the essential oil is commercially valuable. 
Thus, whatever refinements of method he may call to his aid in 
regard to favourable material, whatever niceties of ecology, 
genetics, or cytology he may wish to evolve in his dicoretical 
studies, the faa remains that for his practical routine he must 
have some rule-of-thumb criterion for distinguishing related 
forms and deciding when they deserve separate names. It is 
inevitable and right that minor systematics sh^ be a compromise 
between the complexity of biological faa and the logic of 
practical convenience. 

One of the most important tools of taxonomy is nomendatorial 
terminology. Incomplete or incorrect nomenclature may indeed 
involuntarily distort the factual data. For instance, if, as at present, 
current taxonomic practice operates almost exclusively by giving 
names to areal groups, and does not provide terms for continuous 
gradations, then what are really arbitrary stages in a gradation 
will often be given names, implying that they are uniform groups 
with a definite distribution (p. 226). The basic theoretical aim of 
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taxtmomy i|, i^yioasly die accurate desctipd^Hi of or^oiic 
divetsificatiicm in nature. Althot^h for reasons of convenience it 
is desuable to have a general terminology.like that of species and 
subspecies, applicable to the majority of organisms, yet it most 
be recognized that this does not apply at all in certain exceptional 
cases (p. 353), and that it must in many groups be supplemented 
by additional terminology. However, although certain new 
terms should probably be incorporated into the nomenclature, 
yet practical reasons dictate that most of such additional termin- 
ology should be purely supplementary, adopted as an additional 
means of analysis for this or that special purpose (p. 405; Turrill, 
193 8fl). 

A quite reasonable definition of the term species is that given 
some years ago by Dr. Tate Regan when Director of the Natural 
History Museum at South Kensington— namely, that “a species 
is a community, or a numl^r of related communities, whose 
distinctive morphological characters are, in the opinion of a 
competent systematist, sufficiently definite to entide it, or them, 
to a specific name" (Regan, 1926). The difficulty with this 
definition lies in the term competent, which is what we have 
recendy leamt to call the “operative” word. And experience 
teaches us that even competent systemadsts do not always agree 
as to the delimitation of spedes. 

Furthermore, in view of what we have previously 'said as to 
the existence of different kinds of spedes, it is dear that the 
competence of a systematist in this respect must be in the main 
confined to groups which he himself has studied in detail; for 
other groups may dififer in their prevalent mode or degrees of 
spedadon, or in other characteristics of the species of which they 
consist. It is no good askii^ a systematist who has drawn hh 
experience fi:om a higher animal group such as birds to apply his 
competence direcdy to a plant group such as the Compositae, 
still less to one like the brambles or the roses, in which, as we 
shall see (p. 351), wholly different processes are operating to 
produce groupnii^rentiation. 

And even in groups vdth the same general biological character- 
istics, and therefore the same general type of spedadon, experience 
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is neecbd to decide what diatacters ace o£ value to the practical 
systematist in sepatatiiig his groups. Sometiines these appear 
a^itrary enou^ For instance, in group of fossil fidi k^vn 
as Paleoniscoith, it is 'customary to use difiereoces of body^scak 
ornament as diagnostic of species, those of head-scale omam^ 
as diagnostic subspecies. In fish, again, the fusion of die lower 
pharyngeal bones to form a single plate is used in the perches as 
a genetic diagnostic, while it is used as an ordinal character fenr 
the order Synentognathi (see Norman, 1936). 

Such examples once more remind us of the pragmaticjaspect 
of taxonomy involved in the need for quick and simple 
holing. In general, systematists prefer non-adaptive (or ap^ently 
non-adaptive) characters as bases for their dia^oses, so Ic^ as 
they ate readily visible. Sjsch characters are less likely to be 
obscured by parallel or convergent evolution in response to 
-selection-pressure (p. 357). In passing, we may note that this very 
natural preference goes a considerable way towards explaining 
the assertions of the non-adaptiveness of speciation that are made 
by many systematists. But what precise characters shall be chosen 
as predominantly suitable for classificatory diagnosis must in 
each case be discovered anew by experience. What works in one 
group may have no pragmatic taxonomic value in another, even 
though closely related. Chapman (1924) has studied the question 
carefully in birds. He considers that hard-and-fast rules should 
not be followed. The variability and evolutionary plasticity of the 
group and the degree of its adaptability in habit,, must be taken 
into account, and dif&rences in voice and behaviour are to be 
regarded as of equal or sometimes greater importance than those 
in morpholc^kal characters. If so, then even in the absence of 
adequate collections throtghout the whr-le rai^, the systematists 
should be able to classify specimens much more successfiiUy by 
such comprehensive methods than by rule-of-thumb procedure. 

, Nmc the less, even when the differences between groups and 
the claims of practical pigeonr-holirg have been allowed for, tiiis 
definition of Regan’s must be takm into account, for there is 
some reascHuble measure of agreement amoaig competent 
systematists as to the criteria tiiey adopt for dastifying oi^putsms 
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in dififeim. These arc first, visible (morphological) 

lesemUanoe oet««cn members of a group, of soc^ a nature as to 
be onaonant with dte view that the group is actually or potentially 
an interbreeding one; secondly, lack of intergrading with other 
groi^; thirdly, a geograjhical area of distribution consonant 
with the idea of a common ancestry for die group ; and fotuihly, 
where data are available, infertility on crossit^ with related 
forms. 

The first three criteria can be evaluated on the basis of pre- 
served specimens and records of dieir provenance. They may be 
modified in various ways according to special circumstances. 
For instance, as. regards resemblance, experience has taught that 
in some cases large differences in appearance arc possible -within 
an interbreeding group. The colour-phases of some birds and 
mammals (p. 184) are examples; but the most striking cases ate 
those of polymorphic mimicry in butterflies (p. 102). The older 
entomolc^ts -were shocked at the idea that such diverse types 
might belot^ to a single species. Thus Hewitson (1874) wrote 
with regard to Papilio merope (now called P. dardanus) and its 
polymorphic female forms, each then regarded as a distinct 
species: — 

“Mr. Rogers has sent me a second collection of butterflies 
from Fernando Po, containing P. merope and P. hippocoon taken 
by him in copulation, another illustration of the saying that 
‘truth is strai^r than fiction’. 1 find it very diflBcult even with 
this evidence to believe that a butterfly, which when a resident 
in Madagascar has a female the image of itself, should in West 
Afirica have cme tvithout any resemblance to it at all.” 

But breeding tests have proved that the older entomologists 
were -wrong.* 

Systemaltists have also learnt to discount occasional mutant 
forms, thot^ here fgain, in the absence of actual brecd^ 

* ActuaUy, the difieraice between the two lexes of one and the same ^ccks 
may be fix mate octiaotdinaiy, aa in the worm Bonellia, or in certain angler- 
fishes. But we ate so accustomed to this type of difiercncc that it no longer mikes 
Us at remadcablc, althoi^ in point of fact the genetic and developmental 
mechanisms by whidi this di&rence is maintained shed liglit on the origin and 
maintenance a£ olha kinds intra-specific vari^on sudi as mimetic ptdy- 
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cxperimoits, individual opinion must enter into practice (see 
Chapman, 1923, 1928; Stresemann, 1923-6; Bateson and Bateson, 
1925). A constant average morpludogical difictence from other 
groups is thus the first criterion (Regan, is>26), though, as we 
shall later sec, it is not an indispensable one, and, as Mayr (1940) 
has pointed out, subspecies may difier visibly more than do good 
species. 

As regards intergrading, a number of quite diflcrcnt situations 
present themselves.* What we may call simple intergrading is 
shown by subspecies inhabiting a continuous land area, when 
these intergradc by freely interbreeding in narrow zones |at the 
margins of their ranges. In some of these cases careful a^ysis 
has shown that there exists a dine or continuous gradit^t of 
chat^ in subspedfic characters, which is gradual withiit the 
main areas of the subspecies, but much steepened across a narrow 
intermediate bdt (p. 187) : it is possible that the majority of cases 
of true intergradation will prove to consist in such a steepening 
of general gradients of change (p. 209). 

Sometimes, owing to physical barriers, there is httle or no 
interbreeding at the margins of the group-areas. This may lead 
to complete discontinuity of type, as with island fonns such as 
tite St. Kilda wren {Tri^lodytes t. hirtemis), although in other 
cases die mean differences between the two populations may be 
no greater than when intergrading occurs. In some cases, how- 
ever, complete physical and gcnetical isolation may exist with 
slight or even no character-difference between the types. 

In still odicr cases there is an interbreeding zone in which, 
instead of the phcnotypically simple gradation between two not 

* The term intergrading is here used in the sense of geographical intergrading, 
usually along a marginal zone delimiting populations of distinct mean type 
(akhou^ irregular types of intergradation mentioned also occur). Such geo* 
graphic^ intergradation appean always to rest on genetic mixture of types. In 
systematic literature, however, the term is sometimes used to denote t^t two 
populations of different mean type overlap in thtar visible characters, irrespective 
of whether one population act^y passes into the other by means of a change 
in mean character. To avoid confusion, this should rather be styled morphahgicai 
overlap. Marked morphological overlap may occur between two quite discon-^ 
tinuous populations (e.g. an island and a mainland form), where accordingly 
there is no geographical intergrading, and genetic intergrading is absent or 
negligible. 
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very dissimilar types, which we have just been c onsidering , we 
find obvious menddian recombinations involving die diaracters 
of two markedly disfinct types on eidier .side of the zone, as in 
flickers and other birds (p. 250). If we v^t a special term, we 
may call this a zcme of recombination (though we must remember 
diat recombination must also be at work in the zones of simple 
intergradadon between subspedes that difier only sligbdy and 
in quantitative ways). When it occurs, it may be taken as evidence 
that two groups which have undergone considerable difierentia- 
tion in complete isolation from each other have later extended 
their ranges so as to come into contaa, owing to climatic or 
geographical changes. A still further compHcation is provided by 
forms such as the brambles or the hawkweeds (pp. 352, 372), in 
which irregular reticulation, apparently due to widespread 
crossing, recombination, and apomixis, occurs between various 
main types over a huge area and not only along a marginal zone 
between the areas of two uniform types. 

A quite other form of intergradadon is seen when two groups 
differ in the percentage of two or more strikingly different forms 
or phases”. Thus the different band- and colour-types of die 
snails Cepaea nemoralis and C. hortmsis exist in different propor- 
dons in different IcKalides, as do the percent^es of white and 
blue arcdc foxes {Ahpex lagopus) or of bridled and non-bridled 
guillemots {Uria aalge; Soutl^m, 1939), etc. In some of these 
cases, such as the gv^emot, there exists a regular geographical 
gradation (cline) in the ratio of the two forms (pp. 105, 217), 
whereas in others, e.g. Cepaea, the distribution of types appears 
to be wholly random. Limiting cases are also known, where a 
type exists in two forms in some parts of its area, but in CMily 
one of them in other regions (p. 184). 

Finally, gradual dines in modal character (not in the ratio of 
sharply distinct types) may be exhibited over considerable areas 
(p. 220). In some cases the presumptive evidence .supports the 
view that the phenomena arc due to hybridization, but is more 
often against it. Clas sic al taxonomy has for the most part con- 
cerned itself only with the intergradation to be observed in 
narrow zones; but, as we shall see later, large-scale dina of 
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vaiious types, dioi;^ of diflbvnt significance, are probably of 
equal importance. 

With r^iard to the criterion of geographical area, mattm are 
in most cases fairly ^ple. Difficulty arises, however, when rime 
is conriderabk crossii^ between wefi-difTetendated forms. 

Before evaluating these criteria further, we must mention the 
classical criterion of infertility, which of course is not availalrie 
for most museum specimens. It was at one time considered that 
this was crucial. “Good species” were those which were cither 
directly infertile, or yielded infertile hybrids: fertility betWeen 
two types proved that they were not species but only varieties. 

This view, however, is no longer tenable. Undoubted species 
nuy cross and yield fully fertile hybrids (see Goldschmidt, 1928, 
p. 392), while forms which are partially or wholly infertile wth 
each other may be' so similar in appearance as to be barely dis^- 
guishable (Drosophila simulans and D. mlanogaster, p. 333; the 
two “races” of D. pseudoobscura, p. 323; certain “biological 
races”, p. 295; the peculiar “races” of mosquitoes, p. 317; etc.). 

Dobzhansky, in his recent book (1937, p. 310), seeks to over- 
come the iiriierent difficulty of definition by substituting a 
dynamic for a static concept of taxonomic categories. For him 
species is “that stage of the evolutionary process, at which 
the once actually or potentially interbreeding array of forms 
becomes segregated into two or more separate arrays which arc 
physiologically incapable of interbreeding”. The dynamic point 
of view is an improvement, as is the substitution of incapacity 
to exchange genes for the narrower criterion of infertility: but 
even so, this definition cannot hold, for it still employs the 1^ 
of interbreeding as its sole criterion. “Interbreeding without 
appreciable loss of fertility” would apply to the great majority 
of aninrals, but not to numerous plants. In plants there are many 
cases of very distinct forms hybridizing quite competently Civen 
in the field. To deny many of these forms spcdfic rank just 
because they can interbreed is to force nature into a human 
definititm, instead of adjusting your definition to the facts of 
nature. Such forms are often markedly distinct morphologically 
Mid do maintain themselves as discontinuous groups in nature. 
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If they ate lutt to be cadkd species, then species in plants imist 
be deemed to difier from species in animals in cvexy charactemtic 
save intersterility (see also p. 342). 

Dobzhandcy is perfecdy aware of d^se difiSculties, but is 
inclined to minimize them. He conclude that if groups at this 
level of evolutionary definition are not to be called spedes, they 
do at least demand some name. This may be granted, yet it may be 
preferable to employ subsidiary terminology for such one-criter- 
ion categories (cf. the term commiscuum proposed by Danser, 1929). 

We have just noted that certain authorities have attempted to 
erect infertility on crossing into an absolute criterion of spedes. 
Othocs have done the same for lack of geographic^ and genetic 
intergradation, irrespective of the degree of visible difference 
between the two types. This, indeed, is a corrunon practice of 
many American systematists. It is, however, very difficult to 
justify any such hard-and-fast rule as a matter of prindple, since 
it can only be a mere rule of thumb. There are many cases where 
the extremes of a chain of intergrading varieties are far more 
different than, say, an island and a mainland form which happen 
for geographical reasons to be unable to intergrade. It appears 
quite illogical to erea the latter to the rank of spedes while 
leavii^ the former as subspedes: the one may be more likely 
than the other to difierentiate later into a full spedes, but that is 
another matter. The question has been ably discussed by Chapman 
(1924), who emphasizes the need for a broad biological ondook 
in minor systematics. Stresemann (1927) adopts the same bio- 
logical standpoint. 

As regards geographical variation within the spedes, modem 
practice is tending more and more towards the adoption of the 
prindple embodied in the German term, introduced in 1926 by 
Remch, of the Rassenkreis* This may be stated as follows. When 
one form is replaced by another very similar form in a different 

* For a discussion of this and similar terms sec Rensch (i 934 )* As Rensch* 
points out, the term Formenkreis, proposed by Klcinschmidt, suffers from various 
disadvantages in that he includes under it undoubted species as well as subspecies, 
and docs not insist on the principle of replacement. Mayr (1940) refutes the 
view of Kinsey {1937) that the title of species should be given to the lowest 
distmgttUihable systematic category, which will in fact usually be the subspecies. 



i<4 evolution: the modern synthesis 

geographical area, the two should be considered as subspecies, 
whether they show intergradadon or not, unless die diderence 
between them is so marked that we should be justified in pre- 
sinning that they would not cross if present in the same area in 
nature, or that they or their hybrids would be infertile on crossing. 
Even so, we may find our rules inadequate. Sometimes the end 
members of a single chain of intergrading subspecies will not 
breed together (see p. 244). Such cases merely emphasize the fact 
that there can ^ no sharp line between subspecies and species, 
and that discontinuity between groups may arise gradually. /The 
converse fact that forms showing much less difference in vijnble 
characters than that between undoubted subspecies may liw in 
the same area without interbreeding and must therefore^ be 
regarded as good species, shows that we must not make a hskd- 
and-fast rule on the basis of visible differentiation cither. 

In general, it is becoming dear that we must use a combination 
of several criteria in defining species. Some of these are of limiting 
nature. For instance, infertility between groups of obviously 
distinct mean type is a proof that they are distinct species, 
althoi^h once more the converse is not true. 

Thus in most cases a group can be distinguished as a spedcs on 
the basis of the following points jointly; (i) a geographical area 
consonant with a single origin; (ii) a certain degree of constant 
morphological and presumedly genetic difference from related 
groups; (iii) absence of intergradation with related groups. 
Where evidence is available, infertility with related groups will 
be extra evidence for specific distincmess, but its absence will 
not be conclusive as evidence against such distinctness. The 
actual absence of interbreeding in nature is in some ways of 
greater importance than infertility. The lack of interbreeding 
may depend on mere geographical separation, on psychological 
barriers, on ecological separation, on difference in breeding dates, 
etc.; but such absence will in point of fact isolate groups, whether 
or not in abnormal circumstances they can be ma^ to mate 
and their matings are then fully fertile. The absence of inter- 
breeding connotes absence of intergradation; and both can be 
summed up under the head of isolation. Our third criterion 
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above, if translated from the terminology of the museum to that 
of the field, may thus be formulated as a certain degree of bio- 
logical isolation from related groups. When two morphologically 
and geographically distinguishable groups will under no circum- 
stances produce fertile offiprii^, the biological discontinuity is 
both complete and absolute. When they produce a reduced 
number of offspring, or offspring with reduced fertility, the 
discontinuity, though absolute, is partial. When, however, they 
do not normally interbreed, though they are capable of fixe 
interbreedit^ under changed geographical, ecological or other 
circumstances, the discontinuity, as found in normal circum- 
stances, is complete but relative. 

In most cases a species can thus be regarded as a geographically 
definable group, whose members actually interbreed or are 
potentially capable of interbreeding m nature, which normally 
in nature docs not interbreed freely or with full fertility with 
related groups, and is distinguished from them by constant 
morphological differences. 

This is in general satisfactory, but difficulties sometimes arise. 
These difficulties differ with different methods of species-form- 
ation. With geographical speciation, one difficulty concerns the 
extent of morphological difference: there are bound to be 
borderline cases. Another difficulty arises when forms which have 
differentiated in separate regions or habitats are enabled to rejoin 
each other. Intercrossing productive of obvious recombination 
involving numerous characters may then result (p. 249), rather 
than phenotypically continuous and simple intergradation. It is 
in such cases that the criteria based on interbreeding and inter- 
fertility may both break down, and we must lay chief weight upon 
degree of difference.* 

* This must be unusually prevalent at the present time, partly due to the violent 
changes of climate since the beginning of the glacial period, partly to the post- 
glacial rise of man to biological dominance. Owing to the activities of man, 
many species and other groups which could otherwise liave remained completely 
isolated from each other, have met and hybridized, often with full fertility. This 
may be due to indirect results of a changed ecological balance, to deforestation, 
cultivation, or accidental transport, to deliberate introduction or deliberate 
hybridization. The results of the sweeping range-changes produced by fluctu- 
ating climate must have been almost as extensive (see pp. 146, 258 scq.). 
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At the opposite extreme axe cases where related groups axe 
entirely isedated from each other in nature, and normally never 
cross, but yet show very Httlc morphol<^;ical difioxnce, in some 
cases indeed none whatever (p. 296 ieq.). Other striking examples 
are those where genetic isolation (p. 333) has occurred: here, more 
attention must be paid to criteria such u geographical distribution, 
but even so, doubtful cases will remain. Here convenience may 
dictate die verdict: if it is impossible to distinguish forms on the 
basis of preserved specimens, it is of dubious utility to give them 
separate specific names. I 

hi plants, polyploidy and asexual reproduction complicate the 
picture. Most botanical authorities to-day would classify firms 
differing solely in the number of chromosome-sets as “varie^” 
or genetic sufepecies, not as species, even if their inter-ferojity 
is lowered or absent. Similarly, authorities differ gready as regak-ds 
their treatment of forms with purely asexual reproduction, like 
the majority of the dandelions {Taraxacum). Some wish to 
designate every recognizable form as a species; diis, however, if 
pushed to its logical conclusion, would imply that each new 
surviving mutation should be accorded specific rank. Turrill 
(1938!)) suggests that for practical convenience a number ^of well- 
marked forms should be recognized as species {agamospecies), 
each comprising a number of separate asexual lines to be desig- 
nated by the non-committel term biotype. Degree of mutual 
resemblance and of distinctness from related populations here 
become the main criteria of species, while die idea of the inter- 
breeding group has completely disappeared. 

Where ecological divergence of two forms has occurred within 
the same geographical area, spatially overlapping groups may be 
kept from interbreeding by slight differences in mating habits, 
fo^-preferences, or breeding ^tes, and so remain separate in 
spite of the complete or almost complete absence of morpho- 
logical difierences. In many such cases again (e.g. in “biological” 
or “physiological” races), the allocation of specific rank must be 
a mere matter of opinion and convenience. Finally, where free 
hybridization occurs, as in roses and brambles, the ordinary 
categories of systcmatics, which are adapted to divergent and 
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not to reticulate evolution, break dovm {p. 353). If tbe term 
spaks is to be retained in sudi groups, it must be employed 
mainly or merely on a basis of convenience. 

Ilius we must not expect too much of the term species. In the 
first place, we must not expect a hard-and-fast definition, for 
since most evolution is a gradual process, borderline cases must 
occur. And in the second place, we must not expect a single or a 
simple basis for definition, since species arise in many difierent 
ways. On the other hand, if we ask whether there is any greater 
biolc^cal reality corresponding to the term species than to 
higher systematic units such as genus, family, or order, we must 
reply in the affirmative. Thus Dobzhansky (1937) is in entire 
agreement on this point. As he writes (p. 306); “There is a single 
systematic category which, in contrast to others, has withstood 
all the changes in the nomenclature with an amazii^ tenacity. 
... In most animal and plant groups, except in the so-called 
difficult ones, the delimitation of species is subject to no dispute 
at all.” And again (p. 309) : “Despite all the difficulties encoun- 
tered in dassilying species in certain exceptional groups of 
organisms, biologists have continued to feel that there is some- 
thing about species that makes them more definite entities than 
all other categories. W. Bateson has expressed this vague feeling 
quite concisely: ‘Though we cannot strictly define species, they 
yet have properties which varieties have not, and . . . the distinc- 
tion is not merely a matter of degree.’ ” Diver (1940) confirms 
this from the angle of the ecologist, and Mayr (1940) from that 
of the taxonomist: “It is quite amazing that in well-worked 
groups there is hardly ever any doubt what is a species and 
what is not”; and investigation has steadily reduced the number of 
cases wh'-re there is doubt as to the objective existence of specific 
or subspedfic groups. The number of “difficult” species in birds 
is below I per cent. Again, of 755 birds listed as species by the 
American Ornithological Union, only two arc seriously disputed 
(probably geographically isolated colour-phases). A fiirther 94 
are considered su^pedes by “lumpers”; but even so, these arc 
objective natural groups. Allan (1940) agrees that species, in spite 
of wkhs^read hybridization, are “a reality of nature”. 
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We cannot give any sii^le reply such as dhat a species is an 
interbreedii^ group completely isolated from breeding with 
other similar groups: that would be an over-simplification. But 
we can say dhat living thix^, instead of showing continuous 
inte^adation, as might perhaps be expected a priori, tend to be 
broken up into discontinoous group-units, distinguishable by 
recognizable genetic difierences in their characters, and that 
practical convenience demands that these units, even though they 
are of several types, origimting in different ways and differing 
in character and magnitude, be given specific names. i 

The scale on which this process of spcciation operates to intro- 
duce discontinuity into the vital continuum, may be better 
appreciated if we give a few figures concerning the approximate 
number of species already described in different groups. Linnwus 
in the loth edition of the Systema Naturae described under 4,4X>o 
species of animals. This number has now been increased two- 
hundred-fold. Hesse (1929), in a careful review, estimates the 
total number of metazoan animal species recognized in 1928 as 
between three-quarters of a million and slightly over one million. 
Of this figure, die single class Insecta accounts for a minimum of 

500,000 and a maximum of 750,000. The estimates for other 
main groups are as follows; — 


Sponges 

Coelenterates 

Echinoderms 

Annelids 

Other Worms 

Molluscoidea 

Molluscs 

Crustacea 

Myriapods 

Arachnids 

Vertebrates 


4,500 

9,000 

4,200 

7,600 

9,000 

3,300 

80.000- 104,000 
15,500 

8,100 

28,000 

40.000- 70,000 


The variation in the estimates depends chiefly on whether die 
principle of geographical replacement (p. 174) is adopted or not. 
If adopted, the number of spedcs is reduced, but many become 
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polytypk. Hie number is being steadily added to by tbe process 
of discovery at an increasing rate which is already over 10,000 
per annum in insects alone! (Smart, 1940). In the well-worked 
birds, however, Mayr (1940) estimates that tinder 100 undis- 
covered species remain to be added to those already described. 

Usually the identity of the discontinuous group and its delimit- 
ation from odier groups is preserved by interbreeding, though 
in some cases, as in non-sexual forms like dandelions, die 
delimitation is presumably achieved by selection-pressure. Some- 
times the group is only potentially an interbreeding one: in other 
cases the discontinuity which separates it from other groups is 
not complete. In general, however, sudi discontinuous groups, 
characterized by a particular area of distribution, and by discon- 
tinuity in interbreeding or in degree of resemblance or in both, 
do exist: and to them we can legitimately apply the term species. 

An interesting analysis could be made of the general problem 
of discontinuity in biological phenomena. Life is and must be 
a continuum because of its basic process of self-reproduction: in 
the perspective of time all living matter is continuous because 
every fresh portion of it has been produced by pre-existing Uving 
matter. However, discontinuities of .various sorts have been 
introduced into the continuity. The .chief of these discontinuities 
are those of the cell, the multicellular individual, the species, and 
the ecological community. The last-named type of tuiit is very 
instructive: in spite of continuous variation in environmental 
factors, ecologicd communities are quite sharply separated, as 
any one knows who has passed from ^e tree zone to the treeless 
zone above it in mountain country (for a discussion on this 
point, see Elton, 1927, Chap. 2). This type of discontinuity was a 
constant source of preoccupation to Bateson (e.g. 1913. Chap. 8), 
who also drew the attention of biologists to many others, such 
as meristic variation. 

Longky (1933) points out that if the quantitative relation found 
by Willis ; (1922) between the frequency of genera in a given 
group and tlw number of species they contain, can be generalized 
on a firm basis, it would provide independent evidence for the 
biolc^cal reiJity of species. 
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In all cases, die discontitttiity, diough fundammtal, k never 
absolute. Every biologist knows the limitations of the cdlrtheory 
and die impossibility of giving a rigid defimdon of organic 
individuality, yet cc^ (Wilson, 1925) and individuals (Huxley, 
1912) remain as essential biological unite. 

The same applies to species. Just as syncytia constitute an 
excepdon to any rigid cell-doctrine, so large muldple inter- 
biccdii^ groups, such as those found in willows or in man, form 
cxcepdons to the usual rule of specific discontinuity. Intercellular 
protoplasmic bridges find a parallel in the occasional exc&tenge 
of genes between otherwise discontinuous groups. The problem 
of individuality in colonial organisms with moderate divisia 
labour between the zooids is matched by the problem of sj: i^on 
in groups intermediate between a Rassenkreis and an Artem^is 
(pp. 179 n., 407}. Yet species, too, remain as essential biolo^cal 
unite. 

Owing to the historical and philosophical associadon of the 
word species, it might be thought desirable to employ some other 
term in biological nomenclature. Owing to the fact that various 
types of species exist, and that they exist in various degrees of 
dif&rcndadpn, it might be thought more scientific to. replace 
one by many technical terms. But species is hallowed by long 
usage and so ingrained in praedee that it would be virtually 
impossible to replace it. Species, envisaged in this way as largely 
or wholly discontinuous groups, are thus normally, though not 
universally, realidcs of the biological scene: and it is our business 
to sec what is known of the methods by which they ordinate 
and by which their distinctness is maintained. 

2 . THE DIFFERENT MODES OF SFECIATION; SUCCESSIONAL 

SPECIES 

It is logically obvious, on the postulate of evoludon, that every 
existing species must have originated from some pre-exkdng 
species (somedmes, as we shall see, from more than one), but 
equally clear on the basis of recent research that it may do so 
in one of several quite different ways. A single species as a whole 
may become transfixmicd gradually to such an extent that it 
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comes to moit a new sprafic name. Or it may separate, also 
gradually, into two or more divalent lines whose div«cgenoe 
eventually transcends the limits of spedfic distinction: sometimes 
the separation into mutually infertile or otherwise distinct groups 
may occur suddenly, but the subsequent divergence may yet be 
gradual. Or it may hybridize widi another species and their 
hybrid product may then, by chromosome-doubling, at one 
bound constitute a new species, obviously distinct from the 
outset: here, instead of one species diverging to form two, two 
converge to form one. (It is possible that such sudden origins of 
new spedes by means of chromosome or genome aberrations 
may also occur without hybridizariem, from a single instead of a * 
dual origin.) Finally, in certain groups of plants, the minor 
systematics are in an inextricable tangle, so that no two author- 
ities agree even approximately as to the number of spedes 
involved and their limitations: in these cases hybridization, 
apparently involving many more than two forms, together 
with back-crossii^, recombination, chromosome-doubling, and 
apomixis, appear to have been and still to be at work. 

Thus spedes-formation may be continuous and successional; 
continuous and divergent; abrupt and convergent; or what, 
following a recent writer (Turrill, 1936), we may call reticulate, 
dependent on repeated intercrossing between a niunber of lines 
and thus both convergent and divergent at once. 

We may thus classify the types of spedes-formation in various 
ways — ^whether they are gradual and cemtinuous or sudden and 
abrupt; whedier they are divergent or convergent; what kind 
of isolation has been operative; what barriers to fertility have 
been developed; and to what environmental factors, if any, the 
process of spedes-formation is related. 

We can dis tinguish four main kinds of factors which have 
been decisive in bringii^ about the discontinuity leadii^ to 
spedation. These four factors arc time, space, function, and in- 
trinsic mechanism. The four resultant modes of spedation are 
transformation in geological time, geographical divergence, 
ecological or adaptive divergence, and Kiparation throng genetk 
aeddmt. Thus, if we wish, we can distinguish four main kinds 
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of species, the successional, the gec^aphical, the ecological, and 
tl» genetic. Naturally, the decisive agency in each case may be 
assisted in a subsidiary way by the other ^endes. In gec^raphical 
speciation, for instance, dicrc is normally an adaptive clement, 
while lapse of time and charges in genetic mechanism arc inevit- 
ably involved; but the factor of separation in space is primary 
and dect.vc, that of adaptive functional change subsidiary, and 
those of temporal and genetic transformation merely conse- 
quential and secondary. 

Let us deal with these four modes of speciation in more detail. 
The first three are always gradual, while the fourth may be, 
though it is by no means always, abrupt. \ 

Our first major factor is time, producing successional speciation. 
In this process a given stock gradually changes its characterise, 
so that forms meriting different specific and generic titles succeed 
each other in time. Paleontology provides numerous evidences 
of really gradual specific transformation; tliese have been pre- 
served almost exclusively in aquatic animals such as ammonites 
and other molluscs, sea-urchins and other echinoderms, though 
also in a few land vertebrates such as the horses and titanotheres; 
but similar changes must, it is clear, have been generally at work. 
In some cases, as in the shift of the mouth of the sea-urchin 
Micraster, the change seems definitely to have been an adaptive 
improvement — except possibly during the last phase, when some 
authorities maintain that the original trend was prolonged 
orthogcnetically although by this time useless of deleterious 
(Hawkins, 1936). Furthermore, whenever the species-trans- 
formation is part of an adaptive trend, as in the horses or elephants 
(Chap. 9) it must itself be essentially adaptive. 

We cannot be completely certain that a given trend as revealed 
by fossils is unilinear and not divergent, since this would picstune 
a knowledge of other areas that we cannot expect to possess. We 
may, however, reasonably presume that unilinear trends have 
occurred in certain abundant and widespread types. In any case, 
the important point is that a long-continued trend exists, in die 
course of which types meriting systematic distinction succeed 
each other in the same stock, whether or no die stock also sf^ 



THE SPECIES problem: GEOGRAPHICAL SHBCIATION I73 

to form other spedes showii^ broadly parallel evolution: the 
type is successively transformed. The subjea of long-range 
trends is of such importance that we deal with it in a separate 
chajpter (Chap. 9). Our analysis there will show that the great 
m^ority of such trends are adaptive. Thus the nuun agency here 
in producing successional speciation is selection, though it is 
possible that orthogenesis (p. 504) may in some cases be at work. 

It might accordingly be considered that time can never be the 
primary factor in speciation. If orthogenesis is at work, the 
primary factor would be genetic: it would be ecological when 
the transformation is adaptive. It is true that time can never 
operate alone to produce speciation, in the way that is possible 
with alterations in genetic mechanism. Nevertheless it can rightly 
be regarded as the major factor, or one of two major factors 
working in combination, in all cases where we ate considering 
the transformation of a single stock. The transformation of the 
horse stock from the diree-toed into a one-toed type was un- 
doubtedly in the main adaptive. Nevertheless, what separates 
the forms along the single transforming line is time. It is the 
lei^th of time that has elapsed between the genesis of one form 
and of the next form meritii^ a separate name that has permitted 
their specific distinction. This is because, in successional speciation, 
we are dealing with stages in an evolutionary trend, not with 
mere divergence in relation to peculiarities of the local environ- 
moit or of the genetic constitution; and evolutionary trends are 
normally long-continued, involving steady change in a single 
direction over long periods of time. 

To put it in another way, the distinction between two related 
successional species is primarily a function of their separation 
in time; while that between two related geographical species 
is primarily one of their separation in space; that between 
ecological species, of their divergence in mode of life; and 
that between genetic species, of chmges in their genetic mechan- 
ism. Of coarse here, as in every aspect of evolution, we are 
dealii^ with processes of multiple causation. For instance, 
successional adaptive transformation within a trend catmot pro- 
ceed at all when a certain limit of specialization has been reached 
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(p. 494); and its rate wi& be depeodoit cm tbe sts^ of spedal- 
izatton readied by the evolving type, as well as cm envircmmaHal 
condidons, in the same sort of way as the degree of ecology 
spedation is dependent on predator-pressure (p. 324). In any 
case, loi^-range evolutionary trends, considered as a&cting 
groups and manifested as adaptive radiation (p. 487), are pri- 
marily affairs of ecological divergence. But eaph trend, considered 
separately, is primanly an affidr of successional transformaticm, 
in which the successive forms owe their distinctness to the lapse 
of time by which are separated their positions in the evoludohary 
trend. \ 

Accordii^ to certain authorides, successional spedadon often 
proceeds, pardy or wholly, by discontinuous changes of smaj| or 
moderate extent. These are usually called “Mutadons of Waagm” 
after the paleontologist who first drew attention to them. How- 
ever, as Rensch (19334) has pointed out, a mudi more probable 
explanadon of these is that a dimadc or other environmental 
clun^ has produced a shift in geographical distribudon, causix^ 
a given sta^ in the stradgraphical sequence to be replaced by a 
related subspecies or species which has differentiated in another 
region. 

There are comparadvely few cases in which environmental 
condidons appear to have remained constant over a long penod 
in one area. But whether this be so or not, die change in the 
fossils may be continuous, as with the sea-urchin Micraster during 
a considerable pordon of the Cretaceous; in such cases we must 
be dealing with intra-specific selecdon towards a higher degree 
of adaptadon. In the absence of evidence to the contrary, we are 
probably right in thinking that successional transformadon, in 
the abundant species which alone can provide sadsfiutory fossil 
series, b always or at least normally a gradual and continuous 
process. 


3. GEOGRAPHICAL REPLACEMENT; THE NATURE OF 
SUBSPECIES 

Next we come to cases in wfikh divergence subsequent to some 
type of isoladon is the primary fact leading to the formation of 
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new species. Hw divergoit spUtting of spedes and genera must 
clearly be postulated to bave occurred on a lai^ scale in the past, 
if <mly to account for the rapid increase with geological time of 
the number of types and taxonomic units in newly-evolved 
groups, such as the orders of higher placental mammals. Most 
of the divei^encx seen in such adaptive radiations of groups 
(p. 489) is ecological, concerned with adaptation to different 
environments and especially to different modes of life. It is, how- 
ever, not easy to obtain from paleontology direa evidence of 
divergence, since this demands good series in at least two separate 
but crucial areas. 

We shall return in a later chapter to ecological divergence as 
illustrated from existing organisms. Here, however, we will 
begin by deahi^ with geographical isolation, since a study of 
geographical distribution reveals what are without question all 
stages of geographical divergence. Furthermore, the data on this 
subject are extensive, and have been subjected to thorough 
analysis. 

In all cases, the basis on which we presume geographical 
divergence, i.e., the evolution of a common ancestral form into 
two or more different forms in different geographical areas, is 
what has been called the principle of geographical replacement 
(see, e.g., Rensch, 1929, 1933a). Under this we include the 
numerous cases where dosely-related but distinct forms (species 
or subspecies) are found in different areas of the world’s surface, 
but do not (with certain exceptions to be discussed later) overlap; 
on the contrary, one replaces the other as we pass from one area 
to another. 

Such forms which replace each other geographically show all 
stages of diversity, from dubious and intergrading to sharply 
defined subspecies,* and thence on to species and genera. As we 
should expect, the percentage of groups which, though clearly 
owing their origin to geographical differentiation, do not exhibit 

♦ It is highly desirable to restrict the term subspecies to groups that are isolated 
geographically or in other ways (e.g. physicdogically) and also not to use the 
term txsriety as synonymous with subspecies, but, if it be employed at all, to 
restrict it to forms which occur together widiin die same geographical or other 
gioi^, as in polymoiiduc ^Kcies (p. 99). 
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strict geograpliical replacement, but have overlapping areas of 
distribution, is very low among subspecies (pp. 273, 291), but may 
be considerable in higher taxonomic units which a|e intersterile 
and havehadtimeforextensiverange*dianges (pp.24i,243ff.,285). 

Almost every group of organisms investigated reveals some 
examples. Geographical divergence has been, perhaps, most 
carefully worked out in birds: our own avifauna provides 
excellent examples, with the St. Kilda and the Shetland wren 
{Troglodytes t hirtensis and T. t. zetlmdicus), die British sub- 
species of tit (Poms), jay (Garrulus), wagtail (Motacilla) and many 
odier forms, and the specific distinction of our red grouse, 
Li^opus scoticus (seeWitherby, 1938-41). This last form, itsl^uld 
be noted, has not only diverged specifically from the wfflow 
grouse (L. lagopus) but has itself dififerentiated into a separate 
subspecies in Ireland. Hartert’s classical work on palaearctic birds 
(1903-35) illustrates the use of the systematic principle for a wide 
range of forms, while Lynes’ exhaustive and elaborately illus- 
trated study of the passerine genus Cisticola (1930) provides an 
example of its application to a single type. In this single genus 
he recognizes 40 species, with 154 subspecies. The genus is of 
sedentary habits, so that the number of subspecies per species is 
about 50 per cent higher than in related but migratory genera 
(see p. 239) such as Phylloscopus (studied by Ticehurst, 1938) 
or Sylvia. 

Mammals, however, provide as good an array of examples. 
We shall later refer to the thoroughly-investigated case of the 
deermice (Peromyscus) (pp. 186, 188, etc.), but squirrels and other 
rodents (e.g. Grinnell, 1922, on the kangaroo rats, Dipodomys). 
antelopes, monkeys, and many other types behave in just the 
same way. Insects, notably butterflies, have also received 'much 
attention firom this point of view. As an exhaustive study we may 
refer to Warren’s monograph on Erebia, in which 69 species, 
many widi marked subspedation, are recognized (Warren, 1936); 
while Ellers (1936) has made an elaborate investigation of the 
subspecies of a single species, the swallowtail Papilio machaon, and 
Zarapkin (1934) and Endxodi (1938} of the beetles Cardbus 
grapulatus and Oryctes nasicomis respectively. Zarapkin’s study is 
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based cm quantitative measoiements of over 100 rJiararnwy , 
We shall later aJso have occasion, to refer to the gec^raphical 
variation of various mimetic and other butterdies, of moths, 
beetles, reptiles, amphibia, snails, Crustacea (see Chevais, 1937) 
and other animals. 

Plants do not seem so prone to geographical subspeciation as 
animals, but a number are known which show the phenomenon. 
Among plants an excellent example is Gentiana lutea, die large 
yellow gentian. G. /. lutea, with free anthers, is widespread in 
central Europe, while G. /. symphyandra, mainly distin gaishc d 
by its united anthers, is limited to the Balkans and their neigh- 
bourhood: there is a sl%ht amount of intergradation in an inter- 
mediate zone. Gregor (193 8<i) has found geographical (as well as 
ecological) differentiation in Plautago maritima (p. 223). 

Fish are just as susceptible to the process as other animals. Even 
deep-water species may show geographical differentiation, as has 
been shown by Hubbs (1930), who finds that three forms of 
Hymenocephalus striatissimus can be readily distinguished, inter- 
grading at the margins of their areas. The “races” of herrings 
appear to be geographical subspedes, although the differences 
between them have to be evaluated by biometrical as opposed 
to ordinary taxonomic methods (see Schnakenbeck, 1931); and 
marine littoral types may be markedly ditierentiated into sub- 
species. Again, according to Schilder and Schilder (1938) all the 
165 species of living cowries (Cypraeidae) are divisible into 
geographical subspecies, the number per species ranging from 
two to seven or eight. Similarly the marine gastropod Turbinella 
pirum shows well-defined geographical variation (Homell, 1916). 

Naturally, however, the process is better illustrated by types 
witii geographically discontinuous ranges, for instance, by the 
differentiation of the tree senecios in Africa, where nearly every 
high mountain has its own characteristic form (Fries, 1922). An 
admirable example from animals is provided by the different 
forms of char {Salvelims) which inhabit various British and 
Irish lakes. Where the char is still migratory, living in the sea and 
ascending rivers to spawn, as in the northernmost parts of its 
range, it is comparatively uniform; but when non-nngratory 
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and landlocked in a lake, geograpliical differendsdon sets in. 
Regan (1911) distinguidies j^teen forms in Great Britain and 
Ireland. All diese we should to-day classify as suhspedes; Cm;, as 
Regan says in a later paper (1926), “Once you b^jn giving 
specific names to lacustrine forms of diar you never know 
where to stop.” On the odicr hand, “if we were to exterminate 
die char in our islands and on die continent, except in a dozen 
selected lakes, we should have left a dozen weU-marked forms 
which it would be convenient to recognize as species.” 

The biologically more or less irrelevant difierences arising 
isolation are in this case sometimes associated widi certain ad^tive 
differences. For instance, the Loch Rannoch char, inhabil 
very deep lake, has unusually large eyes; the habitual bottbm- 
feeders have blunter snouts and more rounded mouths. Thus, me 
difftrentiation is partly geographical, pardy ecological (see 
p. 227). The whitefish (Corc^onHs) and the dsco {Leuckhthys) 
also show geographical difierentiation in difierent lakes (see 
Worthington, 1940).* This lacustrine subspeciation of freshwater 
fish can only date back to glacial times, when die lakes were 
formed. The differences between trout and sea-trout and thdr 
local diftcrentiations are also of interest in this connection, thotigh 
too complex to summarize here. 

Again, a large number of subspecies of rainbow trout are 
restricted to single lakes or rivers in the western United States. 
These last arc described by J. O. Snyder (1933) as separate species. 
This is a result of his adopdng the principle we have already 
noted (p. 163), of employing lack of intergradadon between 
geographical forms as an al^lute criterion of specific rank. 
This, however, must lead to the p^onholing of types which ate 
in point of faa at similar st^es in the process of evoludonary 
divergence, in di&rent systemadc categories. Absolute isoladon 
of groups will facilitate diver^nce: but that is a difierent point. 

* Some of the variants which have been given subspecific rank may prove to 
be purely modificational forms. Hius Hile working on the Norm Amer- 

ican cisco (Leiicichthys artedi), finds that allometric grov^, together with its 
aheration owing to seasonal dificrences in food<*supply, etc., xnay induce fotmr 
differences as great as some of those found in named sobspedes* However, while 
this points the need fiir more carefid analysis, we can be certain that the majority 
of the described forms have a genetic ba^. 
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We shall hoe acccsdhigly adopt the idew, ^vhich is becoming 
ittcteam]^ die bads of modern taxonomic practice, that forms 
whidh leplaoe each other geographically and die differences 
between isdiich do not transcend those between intergrading 
varieties, are (unless they ate proved infertile by experiment) 
best regarded as subspecies of a lar^ species. The application of 
this principle has much reduced the number of species recognized 
in wdlrinvestigated areas. Thus the twenty-six palaearctic forms 
of wsgtails (Motacilla) originally accorded specific rank are now 
classified in four species with thirty subspecies: and instead of 
nine species of pala^ctic jays {Gmulus) one only is now recog- 
nized (Rensch, I 933 «}- The total number of bird species has been 
rather more than halved by the application of this principle 
(Hesse, 1929). 

When related and obviously “good” species replace each other 
geographically we must conclude that the process of geographical 
divergence Im contituied until the differences are of specific 
magnitude. For groups of species related in this way Rensch 
(i 933 <i) proposes the name of Artettkreis, which we may perhaps 
in English call a geographical subgenus.* 

The Artenkreis is a novel concept in systemadcs, but accordii^ 
to Rensch it is a widespread faa of nature. Stresemann (1931) 
applied the principle to the bird genus Zosterops (white-eyes). 
In the genus as a whole he distinguishes twenty-two polytypic 
species {Rassetikreise, or species with geographical subspecies) and 
thirty monotypic species (without geographical difierendadon). 
Of these, he grouped fourteen polytypic and eighteen monotypic 
species into six geographical subgencra {Artenheise). 

Similar phenomena are known in plants. Turrill (1929) gives 
a number of examples of apparendy good q>ecies from Crete 
which ate represented by closely allied species on the mainland. 

* Some English-Speaking authors translate Artenkreis by die term superspecies 
or supraspecies. However, £s should be restricted to intermediate cases, in which 
the majority of the forms in a Kreis of groups showing geographical replacement 
are dearly subspecies of a polytypic spedes, but a few have diverged further 
until they are probably or certainly to be regarded as separate monotypic ^des. 
It is in any case quite illegitimate to equate Rassenkreis and Artenkreis^ as is done 
by Schildct and Sdiilder (1938, p. 189), or, as they also do, to use the term 
st^erspecks for polytypic species composed entirely of obvious subspecific groups. 
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Examples of “gee^nphical species” &om Nordi America are 
die Caiuula and die Oregon jays {perisorem canadensis and P. 
ehscums) ; and die mouming and MacGillivray’s warblers 
(Pporamls Philadelphia and O. tolmei). The two members of eitber 
pair ate b^ very similar, dificrii^ almost solely in details of 
coloor, and they inhabit different areas; they thus joindy constitute 
an Artenkreis. 

A similar example from Europe is that of the meadow and 
red-throated pipits (Anthus protasis and A. cervinus). The com- 
mon and Carolina chickadees {Parus atricapillus and P. carolin^is) 
are borderline cases: in some regions they overlap without 
intergrading, but in central New Jersey do interbreed (Chapi^an, 
19H)- 

Althou^ in general, systematists who adopt the same pe- 
oples of classification will classify groups in the same way, thbre 
arc bound to be dubious cases. A wcU-known example is that of 
the Japanese pheasant, characterized by metallic green coloration. 
This is by some authors classified as a separate species, Phasianus 
versicolor, but by others as a marked subspecies of the widely- 
ranging common pheasant, P. colchicus (discussion in Rcnsch, 
1933a. p. 28). 

Numerous examples arc to be fo’ind of Rassenkreise whose 
extreme subspecies arc so distinct that they would ri^dy be 
classified as separate species if the intergrading connecting types 
were not known. The char provide a case of diis (p. 177). Among 
die numerous further examples dted by Rcnsch (1933a) we may 
mention the beedc, Candms monilis. Here the dii&rcnt subspecies, 
in addidon to large dififerences in size, shape, colour, ornamen- 
tation, etc., are chuactcrized by differences in copulatory organs, 
which should prevent interbreeding. Some examples are known 
when migration has brou^t extreme subspcdcs of a Rasserdereis 
together and they prove not to interbreed. These arc dted On 
pp. 243 seq. 

A borderline case from plants is that of the bugles, Ajuga 
chmaepitys and A. chia (Turrill, 1934). Here, cultivation ecotypes 
seem to have been scleoted out and to have spread with agri- 
culture to the N.W., until the extreme types have become 
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tadicafly difiercnt from the original Near-Eastern polymorphic 
forms (p. 267). 

The divergence of the marine fish fanna on either side of 
Central America since the last union of the North and South 
American Continents, probably in the early Miocene, provides 
examples of a larger degree of divergence. In this case (Regan, 
1906-8) the fish are hardly ever idenrical on the two coasts. 
Usually a given form is represented by a pair of spedes, one 
from either side, but sometimes the differences arc so slight that 
the two forms can only be accorded subspecific rank. It is of 
considerable interest that although all the forms have been 
separated for the same length of time, the degree of visible 
divergence varies considerably from one species-pair to another. 

The independent development of certain elements of the fauna 
in large isolated lakes such as Baikal (see, e.g., Korotneff, 1905-12) 
and Tanganyika (see Yonge, 1938a; Worthington, 1937) provides 
examples of another kind of differentiation, in which certain 
groups branch out into many types which have not evolved 
elsewhere (pp. 324, 492). In such cases geographical isolation, 
notably when combined with reduced selective pressure from 
predators or competitors, opens the door to further differentiation 
of the original type by means of ecological, especially ecobiotic, 
divergence. 

Different major groups, and different minor groups within 
them, show differences in their proneness to diverge geographic- 
ally; doubtless due to differences in their modes of lifr and their 
environments; but it is clear that geographical divergence is a 
general evolutionary phenomenon. 

In wide-ranging species, diffrrent geographical races, or sub- 
species as they are now generally called, may occur over a large 
land-mass, intergrading genetic^y at the margins of their areas. 
Where there are definite barrien, such as mountain ranges or 
deserts, the intergradation may be absent, just as it often is with 
island forms. All st^es in the restriction of gene-flow between 
adjacent groups may of course be observed. 

The house-wrens {Troglodytes) of South America, studied by 
Chapmsm and Griscom (1924), provide a good example. Note- 
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wordiy in many st^pecies of tbb groop is die tjvide degise of 
individual vatiation found. D^incdmis betweoi subspecies may 
be based simply on alteradmis in dbe means of su^ varyii^ 
diaracters. Thus tbe subspecies often overlap in regard to tbeir 
characters and are definable only on the basis of long series^ Stee|> 
diaracter-gradients (genodines; p. 253) occur indie muted zofi^ 
along the borders of cont^ous subspecific rai^;es. 

Numerous cases of subspedadon in birds have been analysed 
with great thoroughness. We refer later to A. H. Miller’s work on 
shrikes (p. 236). Here we may mention that of Swarth (I920) 
and of Linsdale (1928) on the fox sparrow {Passerella itUica). 
Linsdale studied the skeletal characters and found that these 
show just as much variation (often in the form of geograpmeal 
character-gradients or dines; see p. 206) as do the plumage luid 
the general size. Some of these, e.g. those subscrvkig flight, appear 
to be adaptive: in every case the Sedentary or relatively sedentary 
subspedes have smaller bones in the wings and pectoral girdle 
than do those with long migration routes, linsdale could not 
assign any adaptive sigttificance to the considerable diflerences 
in skull and bill, though these may be “correlated characters” 
(p. 206). No part of the skeleton was exempt from geographic 
variation, and there was a considerable though not complete 
correlation between the geographical variation of skeletal and 
of plum^ characters. 

b all these cases, the subspecies are relatively constant over 
large areas, and the subspecific areas are separated by relativdy 
narrow intergradii^ zones. This state of affidrs may be taken as 
(he ideal pattern of geographical subspedation. Frequently, how- 
ever, full details ace unknown, and subspedfic names are assigned 
to ferms from different areas simply because they are diflerent. 
In some cases, however, we know tiiat there is no sharp delimi- 
tation of subspedes by means of an intergrading zone, but only a 
gradual delimitation; and, further, the “stibspcdcs” itself may be 
by no means constant, but merely represents the mean of many 
difi&rentiated local populations. This is so with some forms of 
deermioe (Peromysetis), as shown by Dice (1939), althou^ in 
other cases in the same genus the ideal ctmdition is realized (see 
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bdow). Eventually it will be dearable to distinguish these two 
types of intfaspeci& difierentiation by appropriate terminology. 

The geographical variation in song demonstrated by Promptoff 
(1930) in the ch a ffinch , Fringilla co^s, appears to concern local 
populations rather than bemg of true subspecific type (p. 308). 

In other cases, excessive taxonomic zedi applied to insufficient 
material in variable species- has resulted in individual varieties 
being errtmeously named as subspecies. This is well instanced by 
the spotted hyena {Crocuta croaua). No fewer than 19 forms of 
this have been named, most of them or^inally as full species; 
but the detailed study of Matthews (1939a) has shown that none 
of these can be regarded as valid, though it is possible that two 
or three geographical subspecies may be established later if 
sufficient material is forthcoming. 

Warren (1937) draws attention to the faa that in the large 
butterfly genus Erebia, different subspecies show, very different 
d^rees of variability. Facts of this sort clearly merit detailed 
study in relation to ecology, selection, and population-^ize; we 
need not at the moment accept Warren’s hypothesis of an 
inherent recurrent cycle of variabihty. 

Isolation of land forms by water, as occurs with groups inhabit- 
ing islands, often leads to greater divergence, such subspecies being 
unusually dbtinct (as with the St. Kilda vrren) or having developed 
into full species (as with the British red grouse). It is worth 
mentioning that among the fifty-six species and subspecies of 
mammals found in Scotland, more than half show a degree -of 
difference meritii^ taxonomic distinction from their continental 
relatives — eight as full spedes and twenty-two as subspecies 
(Ritchie, 1930). 

The effect of complete isolation in promoting divergence is 
especially dear in archipel^os where different islands often 
harbour distina forms (see p. 324). Examples of this faa occur 
cm the Galapagos (see, e.g., Swa^, 1931, 1934), and on die 
Hawaiian Island (e.g., in t^ birds known as nddebills, Drepaini- 
iUiae, p. 325; Lowe, 1936, discussions in A. Gulick, 1932, and 
Mords^o, 1937). Again, G. S. Miller (1909) points out that the 
Malayan mouse-deer {Tr(^ulus) exhibits cmly one form in the 
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whole of Sumatra and Borneo, whereas in the Rhio Linga 
Archipebgo off the dp of the Malay Peninsola, with i/i50ih of 
the la^ area and with less rather dm more diversity of environ- 
mental condidom, seven subspecies ate to be distinguished. In a 
subsequent secdon (p. 295) we deal with dmilar cases where the 
barriers are of different nature. 'The high degree of differentiation 
m these cases is doubdess due to the small size of the island 
populations, which promotes “drift” and non-adaptive diver- 
gence (cf. p. 200). 

An interesting type of geographical divergence is one arisit^ 
out of the fact of dimorphism (or polymorphism). A species 
which in most of its range exists in two (or more) distinen forms, 
shows only one (or fewer) in certain restricted areas (^ also 
p. 104). For instance, the common squirrel {Sciums vulgaris) of 
the European continent exists in two forms, black and red, but 
the British subspecies, besides showing certain quantitative peculi- 
arities, is monomorphic, without any blacks (p. 98). Stresemann 
(1923-26) refers to several analogous cases among birds. The 
South American hawk Aaipiter ventralis, for instance, occurs in 
its “normal” phase over the whole of its range, in a lighter and 
reddish (phaeomelanic) phase over the whole range except for 
a limited area, and in a dark (eumelanic) phase in a limited area 
only. An even more clear-cut case is that of Aaipiter novae- 
hoUandiae. Here a N-S dimorph-ratio dine in the proportions of 
dark and white birds extends across Australasia; but on certain 
islands to the extreme north only dark forms occur (Mayr, 
1931-40, no. 41), and only white forms in Tasmania (p. io6; 
Stresemaim, 1923-6). In such cases we must assume that the 
dark form is the original: it is accordingly interesting to find that 
in the snow goose Anser coemlesans the dark form is now restricted 
to a very small area of the total range. 

The phenomena of local melanic subspecies of Coereba, etc., are 
referred to elsewhere (p. 203). A further refinement of difier- 
ential geographical dimorphism is seen in the cases where the pro- 
portions of the two types vary regularly in space (diinorph-ratio 
dines: see pp. 104, 161; the case of Aaipiter novac-hollandiae falls 
into this category, though the proportions here change abruptly). 
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Hie common red foxes present an interesting case (see lljina, 
1935). An Old World and a New World species are of^ distin- 
goished (Vulpes vulpes and V. fulva), but most modem practice 
regards them as h^hly differentiated subspecies, or rather groups 
of subspecies, since large numbers of minor subspecies of ordinary 
type are recognizable. In addition, polymorphism exists in 
almost every subspecies, due primarily to combinations of 
three major distinct gene-pairs together with modifiers: the 
polymorph ratios vary geographically. One major colour- 
difierentiation has a geographical basis: the true silver fox 
depends on a gene found only in Canada. The black foxes of the 
Old World arc slightly different in appearance, and contain a 
different gene: this, however, is also fotmd in Alaska to the 
exclusion of the Canadian “black” gene. 

Complete geographical separation may also occur for eco- 
logical reasons. Thus the moth Thera jmiperata feeds in the larval 
stage entirely on juniper. Owing to the absence of juniper from 
the English l^dlands, the British forms of this species are restricted 
to two separate areas, one in the north, the other in the south, 
and as a result subspedation has occurred. 

Wherever experimental analysis has been undertaken, it has 
shown that the main dififerences between subspedes are of genetic 
or^jn, and not due to environmental modification. Indeed, we 
must lay down as a principle (although a decision may often 
not be possible in practice) that non-genetic differences cannot 
be accepted as a basis for subspecific distinction. 

Recent analysis on neo-mendelian premises (see especially 
Muller, 1940) has shown that complete or almost complete 
geographical isolation (i.e. permitting no or negligible exchange 
of genes with other groups) must be expected to lead, with the 
lapse of time, both to morphological ^vergcnce and, usually 
later, to physiological (genetic) discontinuity. This depends on 
the fact t^t evolution proceeds by the incorporation of numerous 
sm^ mutational steps, and that each mutational step demands 
bu&ring and adjustment through “internal adaptation”, by 
means of modifiers (p. 67). The improbability that such 
mutations will be identical in two isolated groups, even when 
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envircmmental ccnditions ace amilar, is immense; and when dbe 
two forms axe subjected to dififecent condidcnis, the divergence 
from identity will be more rapid and more obvious. Similarly, 
tbe internal adaptations of the germ-plasm will not be identical, 
and disharmonies will arise leading to partial and eventually to 
total reproductive disharmony between the two groups, either 
by way of reduced mating, reduced fertility of Pi or Fi, or 
reduced viability of Fi or later generations (p. 360). 

It is worth while recalling that tmder conditions of artificial 
selection, isolation may frequendy lead to divergence. Darwin 
(1868) gives several examples of this phenomenon in Chwter 20 
of his Variation of Animals and Plants under Domesticatiop. The 
most striking^ concerns two flocks of sheep, both bred from 
Bakewell’s pure stock; after half a century, they haul “the 
appearance of being quite distinct varieties’*. In. such cases, aTorm 
of Sewall Wright cfl^ct (p. 58) may operate, as well as uncon- 
scious selection; but the effect of isolation is beyond question. 
(See also D. S. Jordan, 1909, pp. 75 seq.) 

Analysis also shows that mere separation in space of two parts 
of a population, even when biologically continuous, with free or 
only slightly reduced gene-flow between them, will lead to 
morphological diflferentiation when the environmental conditions 
arc sufficiently distinct in the two areas, since here divergent 
selection will operate. The fact of relatively free gene-flow, 
however, halts the process at the stage of partial biological dis- 
continuity, resulting in intergrading subspecies (p. 209). 

Sumner (1932), following up the notable taxonomic study of 
Osgood (1909), has made a detailed analysis of subspcciatioh in 
Pcromyscus. Perhaps the most striking case concerns three sulv- 
spccies ofP, poUonotus in Florida. P. p. polionotus is dark in colour 
and inhabits the interior, where the soil also is dark. P. p. leuco- 
cephaius is extremely pale, and inhabits an island reef of pure 
white quartz sand; and P. p. albifrons is somewhat pale, although 
inhabiting beaches of the same white sand, but on die mainland. 

Here we undoubtedly liavc an example of the value of isolation 
in countoracting die effect of mignatiou and in }x:nmtting selec- 
tion to act unchecked. In general Sumner finds it necessary to 
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asHitne some tdecdve mtcrpreiadon of the cokm of these sub- 
species, on the basis of its protective (cryptic) value, alrhntigh he 
is CMtfbl 'to point out tbat sclecticni cannot be very intense, since 
aidaptive coloratidn is not always present in other subspecies of 
the genus, tbe coloration often being apparently correlated with 
other advantages which inay outweigh that of cryptic resem- 
blance. It may also be, of course, that certain groups have not 
been long enough in their present habitats to permit the requinte 
mutations to appear: with a low mutation-rate, mere chance 
might make a great didcrcncc in the time needed to duow up 
the required mutations.^ On this hypothesis, selection of low 
intensity is acting on all inhabitants of the white sand; but on the 
madnland its effects arc partly counterbalanced by intermixture 
with the dark inland race. 

There is litdc doubt that this is part of the truth. On the other 
hand, statistical investigation reveals that the mainland forms, 
coastal and inland, not only intergrade but that they both show 
a gradient of colour-change. This is moderate as the coast is left 
for the interior. Then, about forty miles inland, follows a narrow 
strip a few miles wide where the gradient is very steep, and finally 
a tegiem where the gradient is very gradual indeed. The zone of 
rapid change must be regarded as the boundary between the 
two subspecies; interestingly, it docs not occur at the same 
pl^ as does a geological change involving a darkening of 
soil-colour. 

To account for these and similar facts in other races, Sumner 
assumes that each race has a main area, and is subject to large 
periodic fluctuations in abundance, such as Elton has shown to 
occur in most small mammals. In periods of over-population, 
migration will be initiated (Elton, 1930), and will presumably 

* A case bearing on this point is that of the local population of hou.scniicc 
(Afiij musmhis) on a small sandy Island in Ireland, studied by Jameson (1H9B). 
The average coloration of the population was considerably lighter tlian nonnal, 
btit with great variability: the paler animak’ colour matched the sandy back- 
ground. Fredator-prcs.surc was intense owing tt) the lack of cover. From a 
ciircfiil study of maps Jameson csdniated that the island could iK>t have been 
isolated for more than 100 to 125 years. Meinertzhagen (19*9) tiiontions that the 
introduced goldfinch (Ct^duvJis carduriis) in the Ticrinudas now incrits sub- 
.Hpecfic rank, and that the introduced starling {Stumus vuljinris) in Cape Colony 
has already lost the migratory habit, though this may be only a inodificatioti 
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bjC most incense in directions away from the main centre of the 
population, or as Sumnpr puts it, in the direction of a fallii^ 
gradient of population-pressure. Two contiguous subspecies will 
thus be pressing against each other like two inilated rubber bags, 
and the boundary between the two will shift according to the 
relative degree of population-pressure. Just at the boundary, 
migration will be producii^ intercrossing. Owing to the principle 
of harmoniously-stabilized gene-complexes, the zones of inter- 
crossing will remain narrow even when their location is shifted 
(p. 209). It is thus quite possible that a subspecies which oiiginally 
differentiated in relation to some particular area will spread over 
a much larger area. Thus the type of adaptation which we actually 
find, namely, a rough general correspondence between amptive 
characters and habitat but with numerous exceptions ofi^detail, 
is to be expected. 

It is worth pointing out that such zones of rapid change with 
intermixture have been found in numerous other cases where sub- 
specific distribution has been thoroughly investigated — e.g. with 
numerous types of birds in Lower California (Grinnell, 1928), as 
well as the wrens and sparrows already mentioned (p. 182). 

In general Sumner’s hypothesis seems to fit many jo( the facts 
very well. As further consequence, it may turn out that certain 
subspecies occupying a large and diversified area represent the 
sum of a number of originally separate races which have united 
by migration: if so, in some cases subspecies may be of poly- 
phyleticorigin,as regards their evolution within the species (p.291). 

Thus it seems clear that some characteristics of the subspecies 
of Peromyscus, such as coloration in some form, must be directly 
adaptive (see Dice and Blossom, 1937). Others, however, such 
as absolute and relative tail-length, have no obvious adaptive 
value. They may be accidental by-products of isolation; or they 
may be correlated with less obvious but deeper-seated physio- 
logical adaptations. Yocom and Huestis, for instance (1928), 
have shown that a coastal and a desert subspecies of P. maniculatus 
differ in important characters of their thyroids, the coastal 
variety having less active glands with greater accumulations of 
secretion. These differences in glandular make-up are quite 
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possibly the direct cause of the differences in colour, whidi would 
then be non-adaptive “correlated characters”. Sumner (op. at., 
p. 98) states that later work shows it to be “just as easy to disdn- 
guish diese two subspecies by die thyroids as by the pdages”. 
He also finds that certain subspecies are distinguished by constant 
differences in general activity. Grinnell (1928), on the basis of 
great experience, believes that the differentiation of subspecies 
(in birds) is basically adaptive. 

In some cases the subspecies are polymorphic, e.g. in P. mani- 
culatus blandus, buff, grey, and all intermediate types are found 
(see Dice, I933<»)- Here all the colours cannot well be adaptive, 
but some selective balance must be operative (p. 97). 

However, the principle of the correlation of visible and appar- 
endy non-adaptive characters with deep-seated adaptive properties 
is undoubtedly widespread. Dewar and Finn (1909, p. 357) cite 
a case from domestic pigs and sheep in America. The light- 
coloured breeds arc poisoned by various plants, while the dark 
breeds arc immune. Black pigs, for instance, are not injured by 
eating the paint-root Lachnanthes. 

A classical case is that of the rubrinervis mutant of the evening 
primrose Oenothera lamarckiana. This, as its name implies, is 
distinguished by the red colour of the veins on its leaves and 
elsewhere. But it also shows accelerated pollen-tube growth and 
increased resistance to cold. 

Haldane (193 2<i, 1932c) draws attention to other cases in winch 
genetical experiment has proved the dependence of two or more 
very distinct phenotypic characters on a single gene. Thus in 
stocks {Matthiola incana) hairiness depends not only on two special 
genes for hairiness, but also on a gene for colour in the flowen 
(Saunders, 1920). Thus selection for hairiness would, in certain 
heterozygous populations, automatically eliminate white-flowered 
plants. A still simpler case is that of the gene increasing the size 
of the central “eye” in the flowers of Primula sinensis: this also 
reduces the style-length in genetically long-styled plants, pro- 
dudi^ a homostyle in place of a “pin” flower. Thus the normal 
arrangement for h ringing about cross-fertilization can only 
operate in small-eyed flowers. Again, many genes in Drosophila 
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produce multiple e£fects, e.g. on bristles and wings. We have 
abeady mentioned (p. 8o) the efFea of the white series of eye- 
colour alleles on certain internal organs. Haldane also recalls the 
fact that apparently irrelevant genes may restore physiological 
balance and viability. We have given examples of this in 
Chap. 3 ^p. 68 seq.). A further probable case is the inqreased 
viability of “arc”-winged mutants when an axillary spot is added. 
Sometimes the correlated characters are merely modifications, 
which appear only in certain environments. The best example 
of this is the frizzle fowl (p. ii8), in which die thnoid is 
enlaiged as well as the fearers altered. InvestigationA shows, 
however, that the thyroid effect only occurs in cool dimaW and 
is a reaction to the excessive heat-loss caused by the ina^quate 
feathering, which is the only direct genetic effect. (See also n. 533). 

Whenever a genetically-determined dine or character-gradient 
(p. 206) exists in visible characters, even if these are apparendy 
non-adaptive, and is correlated with a gradient in the environ- 
ment, we are justified in assuming a further correlation between 
the visible characters and adaptive physiological properties. In 
all such cases, the onus of proof is on those who would deny the 
direct or indirect adaptiveness of the graded characters. 

It is interesting to note that Sumner began his laborious investi- 
gations widi a bias in favour of the subspecific characters of deer- 
mice being due to the hereditary fixation of the direct effects of 
the environment, and against the view diat they were determined 
by mendelian genes. In the course of time, however, the &cts 
induced him to abandon this position, and he now believes diat 
natural selection has been an important agency in establishing 
subspecific dif^ences, and diat most subspecific characters are 
ncrt only “genetically determined'* but mendelian.* 

The long-tailed field-mouse, Apodemus, fills the same eco- 
logical niche in the old world that Permyscus docs in the new. 
Ihough it beloi^ to the murine section of die moose family, 
as opposed to the cricetine, it is very similar to Peromyscus in 

* So recently as 192 it was possible for distinguished ornithologists to 
express the view that most subspedftc characters in birds were mere environmental 
modifications (Lowe and Mackworth^Praed, 1921). To-day ail would agree diat 
die great majodty ate genedcaUy determined. 



THE SFBOBS EROBIEM: GECNHtAEHICAL SnOATION Xpi 

appearance, and idso shows marked geographic variation. Mr. 
Hinton tells me that he believes this genos would show a very 
similar corrdation of type of geographic variation with 
and soil, but the detailed anajysb h^ not yet been made. 

In general, it appears that some at least of the distinctions 
between subspecies are adaptive, but, when not obviously cryptic, 
in idadon to local background, are usually of a general nature, 
in some relation to cUmate. Such a relation may be^ direct, as in 
cases of differing temperature-resistance, or indirect, as in the 
greater prevalence of migratory habit in bird subspecies from 
higher latitudes. Goldschmidt, in an exhaustive series of studies 
(summary and references in Goldschmidt, 1934), has shown that 
trivial and apparently useless differences between geographical 
races of the gipsy-moth Lymantria dispar are accompanied by 
physiological and reproductive differences of great significance 
in relation to climatic conditions (p. 436). 

Timof&ff-Ressovsky {1935) has shown that the widespread 
population of Drosophila Jitnebris in Europe, though showing no 
visible subspecies, is geographically differentiated in regard to 
temperature-resistance. The adaptation is a delicate one. Thus 
the Western European strains are especially susceptible, the 
Russian and Siberian ones especially resistant, to the extremes both 
of heat and of cold, while those from the Mediterranean are 
resistant to heat but susceptible to cold. 

A curious case is that of the chat Oenanthe lugens. In Egypt 
both sexes are alike, with conspicuous coloration; but in the 
Algerian subspecies, though the males are very similar, the 
females are of a sandy colour. Here there seems to be a local 
protective adaptation of the female only. This case from birds is 
paralleled by various butterflies, notably the swallow-tail Papi/w 
dardanus. In the subspedes inhabiting Madagascar, both sexes 
are alike, resembling the male of the other subspecies. In those 
from the Afiican mainland, however, the females are nearly 
always mimetic, often polymorphically so (p. i23)» except in a 
few special areas (F.ltringham, 1910). It would appear that vdicrc 
the struggle for existence is more intense, the female, with her 
greater biolc^ical value, is often protected before the male (as 



192 evolution: the modern synthesis 

imdoabtecDy occurs in many birds: Huxley, 1938c), aldiough it 
would also appear likely that selection is actii^ to keep the male 
uniform, so that any stimuladve or recognitional function 
exerted by his coloration in regard to matii^ may be preserved, 
unimpaired by any break-up into several forms of different 
appearance. 

The view that subspedadon is in any large measure adaptive 
is not universally held. Only recently D. M. S. Watson (Watson 
and others, 1936) wrote, “It is probable dut the di^ences 
betweai geographical races (which have only a statistical nieanii^) 
have no adaptive signihcance,” a statement which is only a little 
less sweeping than his earlier one: “I do not know of \ single 
case in which it has been shown that the differences^ which 
separate two races of a manunalian species from one ^ipother 
have the slightest adaptive significance.” Quite apart frokn the 
statement concerning the merely statistical nature of the dis- 
tinction between subspecies, which is by no means always or 
even usually true, this dictum would not correspond with the 
consensus of biological opinion (see, for instance, Grinnell, 1928). 
It is unlikely that mammals and birds would differ m this respect, 
and apart from the mammalian case of Peromyscus, vije have that 
of the crested larks (Galerida) and other birds of semi-desert 
country in which Meinertdugen (1921) has shown a strong 
correlation, tmdoubtedly protective, between colour of plumage 
and colour of soil. Moreau (1930) finds similar phenomena in 
some Egyptian bird subspecies. Again, in the African buffaloes, 
the gradu^ reduction of body-size and of relative hom-size 
shown by C. Christy (1929) to occur with increased density of 
forest is clearly adaptive. It is noteworthy in this case that skull- 
size is little affected: the difficulty of moving rapidly throt^ 
dense forest would depend much more on body- and hom-size 
than on this. 

In the African squirrel Heliosciums gambianus, Ingoldby (1927) 
has shown a marked correlation between climatic conditions and 
visible characters, the forest forms being saturated in colour and 
larger, the savannah forms pale and smaller, and with all grada- 
tions between. The adaptive nature of these particular characters 
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is not apparent, but the close correlation of environmental atid 
character gradients makes it impossible to believe that the 
characters are the result of chance: they are presumably, when 
not mete modifications, correlated with non-apparent adaptations 
(pp. 63, ao6). 

In this case, by the way, Ingoldby maintains that many forms 
do not have definite geographical areas, but recur sporadically as 
the climatic conditions diaate. This would be contrary to our 
experience in cases like that of Peromyscus which have been very 
thoroughly worked out, and it is likely that in the squirrels, in 
addition to these more obvious characters of pigmentation and 
size, others will be detected which will enable a truly geographical 
(as well as an ecological climatic) distribution to be worked out 
The squirrels of the genus Callosciurus of Lower Burma (Thomas 
andWroughton, 1916), which also show great colour-variation, 
do conform to such a scheme, certain species being sharply separ- 
ated by the Chindwin River. Curiously enough, differentiation 
has been much more active on the cast than on the west bank of 
the river; the differentiation, however, appears to take the form 
of a number of clines instead of well-defined subspecies (p. 219). 

The increase in wing-length of open-country subspecies when 
contrasted with forest forms of the same species, as found by 
G. L. Bates (1931) in West African birds, is a clear case of adaptive 
difference. Similar adaptive differences in wings and tail have 
been found in the subspecies of fox-sparrows and shrikes by 
Linsdale (1928) and A. H. Miller (1931) respectively (pp. 1 82, 236). 

Bates also foimd various cases of clines or character-gradients 
correlated with environmental gradients. We shall give further 
examples of such character-gra^ents later (p. 206). As already 
point^ out, these, in so far as they are genetic, must be either 
directly adaptive or correlated with some internal physiological 
adaptation. 

Undoubtedly genetic accident plays a part in determining the 
characters of subspecies; but its role will be most important in 
small and entirely isolated groups, whereas with groups showii^ 
continuous distribution over larger areas it will tend to be over- 
shadowed by the infliw-nrp of selection. We refer elsewhere to 



9A 


evolution: the modesm synthesis 


some examples of the Sewall Wri^t e£S;ct, or drift (pp. 200, 24a). 
From the wealdi of facts available, wc cite a couf^ more here. 
Murphy and Chapin (1929) find two subspecies of goldcrest 
{Regulus regulus) in the Azores, one generally distributed except 
on the island of San M^uel, where alcme the second form ensts. 
Using elaborate genetic analysis, Dobzhansky (i939fi) finds that 
Drosophila pseudoobscura has smaller eficctive breeding popu- 
lations in the north of its range than in Me^o and Guatemala, 
and that this has }ed to- the northern populations showing reduced 
genetic heterogeneity (see pp. 60, 371-2). 

Wc often know the approximate date at which isolation of an 
island has occurred, and can see that broadly speaking, (though 
with a considerable amount of variation (pp. 200, 324; and below), 
the degree of divergence is proportional to the time t^at has 
since elapsed, as well as to the efiectiveness of the isolation. It is 
thus a perfeedy legitimate deduction that geographical variation 
of the type we have been considering provides us with a cross- 
section of a temporal process and that isolational divergence has 
been constandy operative throi^hout evolution, as an agency 
promoting minor systematic diversity. Moreau (1930) on the 
basis of the known facts concerning post-glacial -changes in 
geology and climate, has discussed the age of various Egyptian 
subspecies of birds. He finds that several cannot be older than 
10,000 years, while one or two must have an age of only 5,000 
years or shghdy less. He is inclined to put 5,000 years as the 
normal minimum time for distinct subspeciation, on the ground 
that lower Mesopotamia, where, the land has only come into 
existmee during the last 5,000 years or so, shows no ^endemic 
passerine subspecies, and very few others. Approximately similar 
periods would hold for the subspecies of birds and mammals 
found on islands oflf Scotland, which can only have been colonized 
in post-^hx^ times; the same applies to the differentiated races 
of frogs (p. 235). However, goldfinches {Carduelis carduelis) 
introduced, apparently recently, into Bermuda are now appreci- 
ably darker (Kennedy, 1913), and the facts concerning rats and 
mice (pp. 1 8*^, 257) show that subspedfic difl^oitiation may 
sometimes occur much more quickly. 
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Iq pazticular, die Faeroe house-mouse, Mus musculus faaroensis, 
whidi was introduced into the islands not much more than 250 
years ago, is now so distinct that certain modem authorities Mve 
ass^ned full specific status to it (see Evans and Vevets, 1938). 

Rabbits have been isolated on Skokholm island (S. Wales) 
fcHT about six centuries. They now average 120 g. below main- 
land we^ht, and are blacker above. This is moderatdy rapid 
difierentiation, though the result does not yet merit subspecific 
naming (Lockley, 1940). 

Temperature must influence the rate of diflerentiation to a 
certain extent. Thus Hubbs (19406) finds that the subspedation 
and spedadon of fish populations isolated by the desiccation of 
the American desert is more rapid in warm springs than in pools 
at normal temperature. 

Acddental “drift” in small populations may, of course, rapidly 
bring about slight difftrendation. Thus a colony of the heath 
fiidllary butterfly (Melitaea athalia) deliberately introduced into 
Essex within the present century, is already nodceably smaller 
and darker than the Kent strain, from which it was derived 
(Stovin, 1937). Harrison (1920(1) showed that in the moth Oporabia 
autumnata two local populadons inhabiting ecologically distinct 
woodlands, became quite distinct in size, colour, and certain 
physiological characters in a very short period of years. Salomon- 
sen (1938) gives evidence to show that the white-headed form 
of the Wbet Lybius torquatus, which is localized to the east and 
south of Lake Nyasa, has spread westwards in the last forty 
years. This form (originally described as L. zombae) appears to 
have originated by at least two mutadonal steps, as pink-headed 
types, intermediate in various degree, are also foimd. At Somba 
in*the eighteen-nineties about half the population still had light 
red heads, though no dark-red birds were present. In 1933, 
however, no li ght reds occurred, and, apart from an occasional 
light pink, all the birds were white. Salomonscn considers this 
as evidence of the transformation of a whole population by the 
spread of mutant genes, though Meise (1938. P- 68) thinks it 
rcprMCttts the shifting of a zone of hybridization between two 
wdl-marked subspecies as a result of population-pressure. 
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An extremely interesting point is brought out by Swarth 
(1920, p. 106, map), concerning the m^atory habits of the 
fox^sparrow, Passerella iliaca. The unaUschensis group of sub- 
species breeds along the north-west coast of North America. 
Rve well-marked subspecies succeed each other as we pass north- 
wards along the coast. The southernmost (P. i. JitUginosa) is to 
all intents and purposes a resident. The others are migratory, 
but in their mirations play leap-frog over the intervening forms. 
Thus No. 2, reckoning in breeding range from south to north, 
winters just south of No. i (JuUginosa). No. 3 breeds liorth of 
No. 2, but winters to the south of No. 2’s winter ranjK; and 
Nos. 4, 5, and 6, whose breeding ranges succeed each other to 
the north-west of No. 3’s, winter together in the extreme south 
of the winter range of the group. 

The obvious explanation is that the resident subspecies persisted 
in its present range throughout the last glacial period. As the ice 
reced^. No. 2 invaded new breeding territory, but was forced 
to vwntcr soudi of the already occupied range of No. i ; Nos. 3, 
4, 5, and 6 repeated the process, but the last three were crowded 
together into a single winter area close to the southern limit to 
which the species is adapted. If so, the diilerentiation of the 
northernmost subspecies must have been effected during the last 
io,CKX} years or less. 

In numerous instances, forms meriting classification as species 
are found geographically isolated from their nearest relatives, and 
must be presumed to luve owed their origin to an extension of 
the divergence that leads to subspeciation. Naturally, they will 
tend to occur more often where the isolation is more thorough. 
We have mentioned the red grouse of Britain, Lagopus scoticus, 
whose nearest relative is the willow grouse of Scandinavia, L. 
lagopus", it should be recalled that one of the most important 
specific disdnetions in this case is adaptive, namely the willow 
grouse’s winter change of plumage to- white, and the absence of 
this feature in the less extreme climate of Britain. The ptarmigan 
(Lagopus mutus), which is a bird of higher latitudes and altitudes, 
^comes white in winter in both regions. 

Another case is that of the snail, TrunaUellina britannica, closely 



THB SPECIES problem: GEOGRAPHICAL SPEOATION 197 

allied to and doubtless derived from the continental T. rivieram. 
Excellent examples from plants are found in the European 
Gesneriaceae, noubly in the genus Ramondia~-<.g. R. serbica 
from Serbia and neighbourii^ areas, R. heldreichii from Thessaly, 
and R. pyremica from the Pyrenees. These would thus constitute 
an Artenkreis (p. 179). Numerous other plant cases may be found 
in books such as WilUs’s Age and Area (1922) or in phytogeo- 
graphical works such as TurriU’s Plant Life of the Balkan Peninsula 
(1929). hi some cases the geographical variation appears adaptive, 
but in others, as for instance the marked fruit variation in Clypeola 
jonthlaspi, no adaptive interpretation can be given (TurriU, in 
Watson and others, 1936)- 

We must, however, mention the view of Goldschmidt (1932, 
1935. 1940) that the formation of geographical subspecies and 
that of true species are wholly distinct processes. The former, 
according to him, involves only quantitative modifications of a 
basic genetic pattern, while the latter involves the formation of a 
new inherent pattern. This production of a new type of equi- 
Ubrium, he is inclined to think, is achieved abruptly. While this 
may apply in some cases (though there is no direct evidence for 
it as yet) it would appear impossible to deny that the divergence 
which produces subspecies does in fact often lead on to the pro- 
duction of species, more especially since the distinction between 
subspecies and species is not (and indeed cannot be) a sharp or 
universally agreed one (sec p. 456). 

A rather different type of geographical subspecies may occur 
in rare species. Rare species will not normally be spread more or 
less continuously over a wide area, but will often exist in pockets 
here and there, whether because they have not been able to 
spread or because they are in process of being ousted by other 
species. In such cases ^ere will already' be considerable isolation 
of groups. Thus any selective agencies can work without being 
counteracted; further, even new non-adaptive mutations and 
recombinations can establish themselves much more readily in 
a small group (Wright, 1931, 1932, 1940). Indeed, in certain 
cases, the course of evolution may possibly be determined by mu- 
tation-pressure (Wright, 1940). We may distinguish these as local 
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sidispecics from die aretd or regional subspecies of abundant 
species, and it may be expected dm they wiU owe their diver- 
gence more to chance rerambination and less to selection; dicir 
distinctiom will tend to be trivial and useless rather than adaptive. 
Bateson (1913) gives numerous examples of both types. 

We have already mentioned the case of the fern, Nephrodimt 
spinutohm (p. 33). A slighdy diiferent example, since the range 
covered is greater, is afforded by the rare moth, Rhyacia alpicola. 
This occurs only in small restricted areas, in each of which 
considerable differentiation has occurred. One subspeci^ exists 
in Lapland, another in Ireland and Scotland, a diird\ in the 
Shedands, and a fourth in the Carpathians. 

Some of the local groups of the genus Sorbus (servict-trccs, 
etc.) seem to be local subspecies in this sense (Wilmott, '^934). 
One wcU-marked form, for instance, occurs only in the Avon 
Gorge, another in the Wye Valley, another only near Minchcad, 
and so on. 

An interesting case of local variation, presumably mutative, is 
given by Salaman (Watson and others, 1936). The wild potato- 
like plant, Solatium demissum, in one part of its range is genetically 
resistant to common blight (Phytophthora infestans), hut is sus- 
ceptible in another area. The resistant strain occurs in a region 
where blight is not found, so that we have here an example of 
potential pre-adaptation (pp. 450 seq.). 

The jimson-weed. Datura stramonium, shows geographical 
differentiation in regard to its chromosomal structure, various 
“prime types” produced by segmental interchange (p. 90) having 
a well-defined distribution (Bkkeslee, Bergner and Avery, 1937). 
It is possible that they may all originally have shown geographical 
replacement, but the fact that the species is a readily-distributed 
weed lias confused the distribution; in any case, some regions 
now contain two or more chromosomal races (p. 329). 

Some abundant species show highly localized varieties whidi 
may also be called local subspecies — ^for instance the common 
thyme. Thymus serpyllum, and the sea-campion, Silene maritima. 
The reason for such localized dificrcntiaticHi in these cases is 
obsairc, as is the reason for die local existence of obvious sing^ 
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gene mntants, such as white-flowered plants, in patches or in 
udbted vidleys. 

Among birds vdiere a presumed large mutation has become 
diagnostic of a taxonomic form is B. brutmeinuchus, a wide- 
raiging species of sedentary habits (Chapman, 1923). B. wot- 
natus diflers only in its slightly smaller size, and in the absence 
of the black breast-band characteristic of the former. Its habits 
and ecological preferences appear to be the same. It exists in 
a rather isolated valley in the centre of the range of B. brubbeitm- 
chus and there replaces its relative. There can be litde doubt that 
it represents a gecgraphical form (probably a subspecies, not a 
species, however) of which the chief characteristic is the presum- 
ably abrupt (mutational) loss of the breast-band. In B. assimilis 
sporadic individuals of one well-marked subspecies show 
charactets diagnostic of other subspecies or species: see also 
Chapman (1927). In the Papuo-Mclanesian bird Fomenkreis 
Lalage aurea (Mayr and Ripley, 1941, Amer. Mus. Novit. 
no. 1 1 16) barred plumage of underparts has been independently 
lost at least five times, and independent mutation seems to have 
occurred in other clear-cut characters such as cyestripe. 

The buttercup Ranunculus allegheniensis appears to have 
differentiated in a way essentially similar to Buarremon inomatus 
(Gates, 1916), since it is found abundantly in a comparatively 
small area within the range of the widely-distributed R. abortivus, 
which it there replaces and from which it differs by a few minor 
characten and one striking, probably mutational distinction in 
the shape of its achenes. 

In passiig, a curious case of geographical difference in Dro- 
sophila may be mentioned. Timof( 5 eff-Rcssovsky (1932a) finds 
that the wild-type alleles of the white-eye series in European and 
American D. melanogastcr are not identical. The American allele 
mutates nearly double as often with the same dose of X-rays, 
and gives a fdghcr proportion of full white genes among its 
mutations. Here we have a geographical difference in intrinsic 
capacity to vary. 

The proof given by Wright, that non-adaptivc differentiation 
will occur in small populations owing to “drift”, or the cliancc 
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fixation of some new mutation or lecoml^tion, is one of die 
most important results of mathematical analysis applied to the 
facts of neo-mendelism. It gives acddoit as well as adaptation 
a place in evolution, and at one stroke explains many facts which 
puzzled earlier selectionists, notably the much greater degree of 
divergence shown by island than mainland forms, by fonns in 
isolated lakes than in continuous river-systems. We have given 
numerous examples of such phenomena. Turcsson (1927) uses 
the term “seclusion types” for such forms in plants. Recently 
Kramer and Mertens (ipsSd) have provided a quantitative 
demonstration of the principle, in their work on Adriatic lizards 
{Lacerta sicula). Surveys were made of the lizard population of 
a number of islands, and the degree of their divergence from the 
uniform mainland type was determined on an arbitrary scale. At 
the same time, the depth of water between each island aim the 
mainland was noted; this can be regarded as a measure of the time 
during which the population has been isolated, since the islands 
have been forhied by subsidence. Further, the area of the island 
can be used as a measure of population-size. It was found that 
degree of divergence showed definite partial correlations, both 
directly with length of isolation, and inversely with size of itiand. 
The table opposite, based on Kramer and Merten’s data, 
brings out the point. Island-size is denoted on a logarithmic 
scale, subdivided in its lowest part, since the intensity of the 
Sewall Wright effect increases rapidly with decreasing size of 
population. 

o indicates identity with tiie mainland form, 4 the greatest 
divergence found. The least divergence is shown on large islands, 
the greatest on rather small islands after long separation; very 
small islands may show considerable divergence after very short 
separation (see also pp. 187 n., 195). 

In the white-eyes of the wide-ranging bird genus Zostcrops 
(see p. 179 and Stresemann, 1931) the degree of differentiation 
of island species (or subspecies) appears to be correlated with a 
considerable number of factors — {a) directly: with (i) the age 
of the island, (2) the inherent mutability of the stock; {h) in- 
versely: with (3) the size of the island, (4) the predator-pressure 
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and d^jcee of competition from rdated fonns, (5) the degree 
of migration. 

It should be noted that if a population is subjected to cydical 
fluctuations of abundance, the determining factor is the of 
the minitnum e&ctive breeding population. In extremely small 
populations, the Sewall Wright efl&ct may even fix deleterious 
mutations, and so result in extinction. Various of the cases where 
protection of the remnant of a once-abundant species have failed 

Differentiation in Island Lizards 



to prevent further decline and eventual extinction are probably 
due to this cause. The best-documented example is the extinction 
of the subspecies of the prairie chicken known as the heath hen 
{Tympanuchus c. cupido), in spite of the most elaborate protective 
measures (Gross, 1928). Conservationists should take note of 
this. If their efforts to save a dwindling remnant of a species do 
not bring about a rapid increase of numben, they are likely to 
be in vain: early action is essential. 

Geographical differentiation may be carried far beyond the 
st^e of broad subspecies to a high pitch of local detail. When 
small populations are completely or almost completely isolated 
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from eadi odicr, almost every such population may develop 
its own distinctive characters. This is so, for instance, wi& 
Partula and other snails of the Pacific Islands (p. 232), with the 
insular lizard populations of the Adriatic and elsewhere (p. 200), 
with certain iligntlcss grasshoppers of arid regions (Uvarov, in 
verbis), etc. Hnbbs (1940^) finds marked differentiation in tj^uite 
small populations of freshwater fish (a few hundred individuals), 
isolated in pools as a result of tlie desiccation of the American 
desert. Differentiation is then often apparently non-adaptive. 
Frequently the differences, diough definite, arc not considered 
by experientxd taxonomists to merit a subspecific nainc: c.g. 
some of the insular lizards; various insular birds, such \ as the 
Fair Isle wren (see discussion in Huxley, 1939^, and in J. raher, 
I939(i) and others cited by Mayr (1931-38), etc. But inlotlier 
cases, as in the grasshoppers just mentioned, the differentiation 
is considerable, and the only diflference from ordinary subspecies 
Ucs in the small size of the groups. If a general term is needed 
for such cases, microsubspecies is perhaps preferable to that of 
micro-race proposed by Dobzhansky (1937). Goldschmidt (1940) 
uses the rather awkward term *'subsubspecics” . 

Microsubspccies are preferably not to be given names subject 
to the international rules, since this would complicate the nomen- 
clature unnecessarily. 

Even finer differentiation may occur. Thus Diver (1939) in 
the snail Cepaea finds that the proportions of the various types of 
colour and banding vary from colony to colony, almost always 
in an arbitrary, non-graded way; he also gives similar examples 
from other land and freshwater molluscs. Lloyd (1912) and 
Hagedoom and Hagedoom (1917) found that among the rats 
of India and Java respectively there occurred highly localized 
groups with distinctive characters, often consbting of a few 
individuals only. Sometimes the distinctions seemed to be mono- 
factorial, sometimes to depend on several didcrent genes; in 
some cases the groups disappeared after quite a short time. In 
this case wc liave to do apparendy with the effect of chance 
inbreeding on one or a few recessive genes; it is of interest, 
however, in dcmonstratii^ the high potential of varuAiem avail- 
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aUe, diioc^ wludi gec^;n^iiical (liffi»»ntiatic»i nuy appear in 
til» event of complete isolation or of partial isoladcm accompanied 
by (fiffeiendal selecdcm. 

Gilmour and Gregor (1939) have recendy proposed the term 
Jme for “any specified assemblage of taxonomically dosely 
related individuals”. Hus should be useful to replace such 
cund}ersome phrases as “local intrabreeding populations”. Hie 
ultimate natural unit in sexually reproducing species is then the 
deme, and analysis is needed to show to what extent demes are 
isolated from each other (see also Buzzad-Traverso et al, 1938). 

In some instances, new types have been thrown up which 
spread from their centre of origin owing to some selective 
advantage, thus causing local differentiation of a peculiar type. 
When this occurs in an isolated population, the new type may 
oust the old within the area. Hiis has happened with the mdanic 
form of certain species of the bird Coereba in the West Indies 
(p. 94 n; Lowe, 1912), and is in progress with the melanic type of 
the opossum Trichosurus vulpecula in Tasmania (p. 104). It may, 
however, also occur in large or continental populations, as with 
the simplex tooth-character of Microtus arvalis in N. Germany 
(p. 105). Whether the resultant gradient in proportions of simplex 
and normal teeth will reach an equilibrium, or the simplex 
character will infect the whole species, remains for future genera- 
tions of taxonomists to determine (p. 105). 

In general, we may be sure that the analysis of invisible physio- 
logical characters, and the more intensive study of visible ones, 
wUl reveal that species are much more diversified geographically 
than is now generally recognized (for further examples, sec 
Timofeeflf-Rcssovsky, 1940). 

Wherewer there is any appreciable isolation, not only will 
non-adaptive distinctions acxumulate, but adaptation to Icxal 
conditions will be able to proceed to a further pitch than where 
counteracted by free gene-flow. Further, internal (intra-^oup) 
dines (p. 220) will doubtless be revealed within populations of 
species which arc not too mobile. 

Out of diese minor local di&rences, the prcKcsses of difer- 
entiatiem will create the obviously distinct groups which we call 
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subspecies aod species, and the obvious regularities of inter-^oup 
dines. But those which merit taxonomic naming will form but 
a small fraction of die total amount of geographical diversificatkm. 

Mention should here be made of the views of Willis (1922, 
1940). Chiefly on the basis of studies of geographical distribution, 
he entirely rejects the selectionist view, and condudes that evolu- 
tion is a largely autonuric affair of diflerentiation produced by 
large mutations, followed by spread of the new type at a more 
or less constant rate, and by further difierentiative variations in 
due course. j 

Unfortunately most of Willis’ condusions are vitiatcdl by his 
failure to take account of modem work. Thus he continues to 
accept Fleeming Jenkin’s criticism of Darwin, namely, thsif new 
variations will be swamped by crossing, whereas, as B. A. fisher 
in particular has shown (see p. 55), this objection has been 
entirely obviated by the discovery that inheritance is particulate. 
He adopts, in exaggerated form, de Vries’ idea of large mutations, 
and appears to be unaware of the modem conception of the 
adjustment of mutations to the needs of the organism (p. 67). 
He does not refer to polyploidy as an evolutionary agency in 
higher plants. He makes a sharp distinction, which is. quite un- 
justified on general biological grounds, between stmctural and 
functional adaptations. He concludes that, since localized endemic 
forms, e.g. on islands or mountain-tops, appear to have no 
adaptive value, they must have arisen by sudden mutation, 
whereas “drift” due to accidental recombinations in small popu- 
lations will clearly account for a great many of such cases (p. 58). 
It seems, further, that he has not adopted the principle of geo- 
graphical replacement as a basis for taxonomy. If this were done, 
many of his endemics would doubtless turn out to be, not new 
full species, but new subspecies produced by “drift”, and it 
would be much easier to distinguish between such products of 
recoit diversification and true relicts. He practically ignores 
zoological facts, notably in paleontology, which contradict some 
of his general conclusions such as that gradual adaptive improve- 
ment docs not occur, that no important change is to be found 
in major groups during geological time, and that the distinctive 
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characters of moderately lai^ taxcmomic units are not adaptive. 
He does not distii^uish between euryplastic and stenoplastic 
forms (p. 519), or between those wbi^ are narrowly adapted 
and those whi^ succeed by virtue of general v%our and viab^ty. 
In conclusion, he neglects all the evidence that new types may 
arise in several quite distinct ways, and maintains that there is 
only one mode of evolutionary diiferentiation. 

If the extensive data which he has assembled could be analysed 
in the light of modem knowledge, instead of being lumped 
together to produce a heterogeneous mass from which purely 
statistical consequences can be drawn, it is probable that certain 
valuable conclusions could be reached. It is likely, for instance, 
that hb general idea of “age and area”, or progressive increase 
of range with time, would prove to hold for a number of forms, 
and to have interesting consequences. The further conclusion, 
arrived at in conjunction with Yule (Yule and Willis, 1922) 
that differentiation is also a function of time, and that genera 
tend to spht into two at more or less regular intervals, may also 
be of importance, though, as examples such as Lingula or Nautilus 
demonstrate, it is certainly not imiversally valid. 

He has also collected a niunber of very interesting facts con- 
cerning the number of species in different genera of a family. 
The average number of species per genus in flowering plants 
(apparendy without taking into account the principle of geo- 
graphical replacement) is 14 or 15. But there are in all families 
a very large proportion of unispecific genera. Thus more than 
a third of the genera of Compositae (446 out of 1143) and of 
those of Caryophyllaceae (29 out of 78) are monotypes, with 
only one species each, indicating a very peculiar form of differen- 
tiation. Further, the largest genus of a family is always relatively 
enormous in the num^r of species it contains, in over 40 per 
cent of cases (235 families) comprising half or more than half 
the total number of species in ^ family. Facts such as these 
demand the most careful consideration. However, we can be 
sure that theit meaning will not be elucidated by the purely 
statistical methods used by Willis, but must wait upon the fullest 
analysis, notably ecological and cytological. 
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4. CLINES (CHASACTES-GSADIENTS) 

The delimitation of named subspecies in dijBPetent areas, each 
widi their own distinctive mean and range of variability in 
respert of a number of characters, provides one means of pigemi- 
hohng the data of geographical difiTcrentiation. But, as we have 
already seen in discussing such cases as that of Peromyscus, tiiis 
method does not cover a certain aspect of the facts, namely the 
frequent tendency of characters to change gradually and continu- 
ously over large areas*. | 

In point of fact these character-gradients, or dines, 10 give 
them a convenient technical name (Huxley, 1939(1, 1939i>), appear 
to be much commoner than is generally supposed. Indeed, on 
any general Darwinian view, we should expect to find th^m as 
one of the general features of organic variation. Natural selection 
will all the time be moulding life adaptively into its environment; 
and since gradients in environmental factors are a widespread 
feature of the environmental mould, we should expect organisms 
to show corresponding adaptive gradients in their characters. 

The adaptive characters directly aflectcd may be visible 
characters such as absolute size, or relative car-size -in warm- 
blooded animals', or they may be invisible, physiological features 
with no outward sign in the characters usually employed in 
taxonomy (e.g., the difference in temperature-resistance in 
different regional populations of Drosophila (p. 191); or the 
temperature-preferences of the races of the beetle Carabus nemoralis 
(Krumbiegel, 1932); or, as with the phototropism of the same 
species, they may be associated with slight differences in eyc- 
structure; or finally, and it appears most frequently, they may be 
physicdogical features reflected in non-adaptive but taxonomically 
convenient correlates such as proportion of parts, or colour. 

Broad environmental gradUents exist in numerous general 
dimatic factors, in relation primarily to latitude and altitude. 
Such graded climatic factors include temperature, humidity, 
solar intensity, relative day-length, and so forth. More restrict^ 
gradients are found in ecologicd facton, in relation to the change 
from one habitat to anot^r — gradients in salinity <m: water- 
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content, in height of vegetation, in edaphic conditions, and so 
on. there is, of course, no sharp line to be drawn between 
geogtaphical and ecological gradients. The gradient up a steep 
mountainside may be better styled ecological; but in many 
features it will repeat the general geographical gradient from the 
base of the mountain to higher latitudes. The point is that such 
gradients exist, and that they are of every size, from those of 
largest scale between the equatorial and polar regions, to those 
of extremely small scale like that in decreasing moisture round 
a pond. 

How may we expect life to accommodate itself to these graded 
features of its environment > In the first place, their scale has an 
influence. Because of the rate of gene-flow through a population, 
a dine cannot usually establish itself as a characteristic of an inter- 
breeding group unless the group covers a considerable area. The 
only way by which dines on a genetic basis may be established 
over small distances is by having a highly variable population of 
which different types arc adapted to different ecological conditions. 
Selection will then automatically sec to it that different propor- 
tions of the various types are found along the cnviromncntal 
gradient, even when this is quite short. Short dines of tins type 
do exist, as we shall see later, in certain plants, e.g., Plantago 
maritima (p. 223). They are not, however, enduring characters 
of the species, but come and go within its plastic framework 
with the changes in ecological conditions. They will also tend to 
be repeated, con variazioni, in many localities, while large-scale 
climatic dines will be few in number, and will constitute charac- 
ters of the species as definite and enduring as its measurements 
or its geographical range. 

With regard to large-scale dines, the biological peculiarities 
of the species will of course have an influence, large size and high 
mobility tending to make them less prominent, and vice versa 
(see p. 239). 

Any continuously-graded variation will tend to be broken up 
by various factors. In the first place the accidents (biologically 
speaking) of complete or almost complete geographical isolation 
introduce discontinuities. These will interrupt gene-flow. 
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and so not only allow local selection to act more efFeedvely (as 
we saw with the island subspecies of Peromyscus poUomtus, 
p. i86), but also permit the Sewall Wright effect of non-^apdve 
difierendadon to occur wherever the isolated populadons are 
small. The first cfifect will tend to break up a continuously slopit^ 
dine into sharp steps, while the second will impose non-adapdve 
features upon it, somedmes quite obscuring any underlying 
regularity. 

Biological discondnuides will also break up the condnuity of 
dines. Here again, neo-mendelian prindples have poinjbd the 
way to important deduedons. Wc have shown in anl earlier 
chapter how the effects of major genes are selecdvely aenusted, 
individually and mutually, by means of combinadons ofVnodi- 
fiers to suit the needs of the organism, notably in giving maximum 
vigour and fertility. There is an internal adaptation of the gene^ 
complex as well as an external adaptadon of characters. This 
extension of the prindple of genic balance wc may call the 
prindple of harmoniously-stabilized gcne-complcxcs. 

Let us now consider what will happen within a continuous 
populadon spread over a large area in which markedly different 
dimadc conditions occur in different regions, but- with the 
extremes connected by environmental gradations. Selection will 
then be operative and will tend to adapt the population locally; 
however, this local adaptadon will be impeded and graded by 
gene-flow. But wherever some accident, such as temporary or 
partial isolation, allows selection full scope, local adaptadon will 
be intensified, and the major adaptive genes wfll be fortified by 
internal adaptation until a local harmoniously-stabilized gene- 
complex is bi^t up. Once this occurs, the resultant extra vigour 
and fertility will permit the bearers of this gene-complex 
to spread beyond the area to which they were originally 
adapted. 

If several such gene-complexes arise within the area of die 
species, they will tend to spread until they meet. As Sumner 
(1932, p. 76) has stressed, local groups must be regarded as in a 
dynamic equilibrium based on relative population-pressures. He 
compares them, to a series of balloons in contact, the popukuionr* 
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pte^ues being here represented by the gas-pressures in the 
locals. Groups with high population-pressure, resulting from 
suaxssfuUy stabilized gene-complexcs, will spread, and groups 
whose relative populadott-pressure is below a certain threshold 
may actually be extinguished, their remnants being incorporated 
into and transformed by the more successful groups (see p. 187). 

What his simile does not explain, however, is the permanence 
of the skin of the balloons — as represented in nature by the 
relatively sharp delimitation of subspecific groups. As we have 
seen (pp. 182 seq.), in many cases, adjacent subspecies are separated 
by a relatively narrow zone of intergradadon. What maintains 
this zone ; Why does not gene-flow broaden it and break down 
the sharp disdnedon between the two subspecies ? 

On die principle we have been following out, the answer is 
simple. Crosses between two harmoniously-stabilized gene- 
complexes will give reladvely disharmonious gc le-combinadons. 
The zone of intergradadon will constandy be renewed by inter- 
crossing; but it will as constandy be prevented from spreading 
by selective elimination in favour of the better internal adaptations 
on either side, even though it may shift its position (p. 249). 

This principle doubdess also explains why the zone of 
recombination between two markedly distinct yet interfertile 
forms which have met after differentiating in isolation, in some 
cases remains so narrow, notably in the crows (p. 248). 

We here meet with a new type of biological discontinuity — 3. 
partial discontinuity, as opposed to the complete discontinuity 
found between full species. Where the “biological tension” 
between different portions of a widespread species is sufficient, 
a condition of equilibrium will be reached, represented by a 
series ff distinct subspecies passing into each other by inter- 
breeding at narrow zones of intergradadon.* 

This will be facilitated by parti^ environmental discontinuities 
such as partial barriers, or unfavourable zones where population- 

* A suggestive ecological parallel exists in the way in which relatively umform 
biotic communities pass into each other across narrow intermediate zones (see 
Elton, 1927, ch. i). Such zones are sometimes styled “tension zones’* (cf. Elton, 
1938). In both cases, environmental continuity is reflected in partial organic 
dhexmtinuity. 
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density is lowered; it will also be facilitated by sharp changes in 
environmental conditions, as where a moontain range rbes 
abrupdy from a plain, or open country gives place suddenly to 
forest. But— and this is important— it may occur in the abs^cc 
of any barriers or any abrupt alteration in the environmental 
gradient: the cause of partial discontinuity is then a purely bio- 
logical one, due to the nature of the gene-complex. 

So far, these deductions, however their validity be supported 
by the frequent existence of subspecies separated by narrow zones 
of intergradation, have only been experimentally verified in one 
instance. Timof&ff-Ressovsky (ipszJ), studying the geographical 
varieties of certain lady-beetles, found that their visible peculiari- 
ties depended on several mendelian genes, and that the combina- 
tions of these actually realized in wide-ranging geogra^cal 
groups were almost invariably more viable and more resistant 
than the recombinations not found in nature, which he produced 
by crossing. It is much to be hoped that further experimental 
analysis of this important point will be made in other types. 
Meanwhile Sumner’s data in Pcromyscus polionotus show that the 
population of the narrow intergrading zone between P. p. poli(h 
notus and P. p. alhifrons shows a markedly higher coefficient of 
variation than either pure subspecies (see p. i86, and Huxley 
I939<i), a fact which is to be expected on the above theory of 
harmoniously stabilized gene-complexes. 

If, as it seems probable, these deductions prove valid, it will 
mean that subspecies, as found in nature, are in reality of two 
distinct types. The first we may call independent, and consists 
of those which are so fully isolated that gene-flow between them 
and other groups is wholly or virtually interrupted; the second, 
or dependent, are those we have just been discussing, which 
interbreed with their neighbours along intergrading zones. 
Independent subspecies may differentiate into full species, and, 
with sufficient time, normally will do so. Dependent subspecies 
ncHmaUy will not do so, but though they may continue to 
evolve, will evolve as part of the whole interbreeding complex 
to which they belong. Thus it is not true to say that subspecies 
are necessarily ^’species in the making” (as was done, for 
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imtanoe, by RothstMd and Jordan, 1903): some arc, and some 
ate not. 

The bteakii^ up of a continaous populadon into subspecies 
by the pbyskd di^ntinuities of geographical barriers and the 
biological partial discontinuities of narrow intergrading zones 
will profoundly modify any dine systems present. The continu- 
ously sloping character-gradient that simple a priori considerations 
might lead us to expect is converted into a staircase or a stepped 
ramp, die separate subspedes corresponding with the treads, flat 
or gendy slopii^, and these being cither united by steep slopes 
— die zones of intergradation — or, in the case of completely 
isolated subspedes, remaining unconnected. The mean or modd 
values for the several subspecies will often fall on a gradient. 
This may be called an external or intergroup dine; when the 
characters of a subspecies change slighdy or gradually across 
the area of its distribution, giving a sloping tread in the staircase, 
we may speak of its showing an internal dine. 

Intergroup dines are a very frequent feature of geographical 
differentiation, and appear usually to be correlated with corre- 
spondii^ gradients in environmental features, though Mayr 
(1940) dtes some dines in tropical birds where no such corre- 
lation can be found. A summary of the chief generalizations 
concerning them is to be found in Rensch (19330. 1938a), and 
an excellent discussion in Goldschmidt (1940). The most inipor- 
tantof these have been called Bergmann’s Rule, Allen’s Rule, and 
Gloger’s Rule, after their most important proponents. They lead 
to much parallel variation in related species, though all of them 
are broad correlations only; with a considerable number of 
exceptions. 

Bergmann’s rule may be stated thus. Within a polytypic 
warm-blooded species, the body-size of a subspecies usually 
increases with decreasing mean temperature of its habitat. A 
detailed statistical study by Rensch showed that in the great 
majority of cases this rule holds good for birds. For Corvidae 
and Picidac there are hardly any exceptions, and in general the 
rule applies in 70 to 90 per cent of cases. The rule also applies to 
ma mmal s, though here the exceptions are more numerous. It is 
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dear dut sire may be modified in odier ways, e.g. by sel«tion 
in idatdon to type and abundance of food. We have already 
noted the fact that die sire-gradient between forest and open- 
country forms runs in opposite directions in buffaloes and squirrels 
in Africa. The reason for the greater number of exceptions in 
mammals is doubtless to be found in various biologicd peculi- 
arities of the group, such as hibernation, temperature-regulation 
by means of greater or less growth of hair, nocturnal habit, use 
of burrows and dens, etc.; thus die hmTowmgMicrotus behaves 
contrary to Bergmann’s Rule (Dale, 1940). Rensch has ^own 
(19396) that the correlation in temperate regions is with wdnter 
minimum temperature. This is what would be expeaed, sel^tion 
being exerted by the most rigorous conditions. It mw be 
prophesied that in semi-tropical areas the correlation will be \^th 
the maxinium temperature in the hot season. 

Recent studies (Salomonsen 1933, Huxley 19390) have enabled 
a beginning to be made with a quantitative study of Bergmann’s 
rule. Thus for three polytypic species of birds in western Europe, 
a change of i per cent in wing-length requires a difference of 
2® N. latitude in the redpolls {Carduelis flammea), of just over 1° 
in the pufiins {Fratercula arctica), and of only a Utde over 0*5° in 
the wrens {Troglodytes troglodytes). Other measures of size (beak 
in puffins, tarsus in wrens) show approximately the same rate of 
change as the wing, indicating that the effect is on the animal as 
a whole. The total relative chaise is least in the wrens (about 
12 per cent of lowest wing-length), and highest in the puffins 
(nearly 50 per cent), but the range of the last-named is from 
Minorca to Spitsbergen, whereas the size-cline in die wrens is 
only exhibited between the N. of Scotland and Iceland, the 
wren population of mainland Britain and western Europe being 
very stable. Such differences presiunably result from differences 
in selective intensity, but it is difficult at the moment to see why, 
e.g., there should be less effect in the tiny redpolls than in the 
relatively large puffins. 

In cold-blooded animals, matters are more complex, types 
often appearing to have an environmental optimum where they 
attain ffieir maximum size. In frog species, forms from colder 
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cUinatcs seem to be larger, with relatively shorter hind legs 
(Porter, 1941 ; and see Pfluger and Smith, 1883). 

Allen’s rule also is correlated with temperature. It states that 
in warm-blooded species, the relative size of exposed portions 
of the body (limbs, tail, and cars) decreases with decrease of mean 
temperature. We have already noted this for Peromyscus species. 
Sutistical treatment showed diat it appUed in 80 to 85 per aMit 
of small mammals investigated by Rcnscli, and to almost die 
same extent for wing-length in birds (five families of non- 
migratory North American birds). 

This rule also appears to hold for related species as well as 
related subspecies: c.g. for cars in foxes (Hesse, 1924). When the 
temperature is at all extreme, ear-size is of considerable adaptive 
value, small ear-size reducing heat-loss in cold climates, large 
ear-size facilitating heat-loss in hot climates. 

Rensch (193 8<i) has shown that Allen’s rule is in part purely a 
consequential effect of the negative allomctry of the parts con- 
cerned, but that this must in many cases have been accentuated 
by selection in relation to heat-loss (sec p. 547). 

Both Bergmann’s and Allen’s rule may be included mider the 
more general principle that in homotliermous forms body- 
surface relative to bulk tends to decrease witli decreasing outer 
temperature. 

These effects prove to be genetic in every ease as yet tested. 
It is noteworthy, however, that temperature also has a direct 
effect of the same type on such organs, but the modification is 
not permanendy inherited (Przibram, 1925). 

Pigmentation also shows marked geographical gradients, but 
these arc rather more complex. Glogcr’s rule applies to pigmen- 
tation in warm-blooded species. In its modem formulation it 
states that intensity of melanin pigmentation tends to decrease 
with mean temperature (though the operative factor may possibly 
be Ught rather than temperature); however, humidity also lias an 
effect, great hmnidity together widi high temjKrature promoting 
the formation of the black eumclanins, while aridity togedicr 
with liigh temperature promotes the substitution of die yellowish- 
or redd^h-brown phacomclanins. Phacomelanins tend not to be 
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found in cooler cmdidcnis even if arid. TIhis die nuodmum depth 
of pi^mentaticni will be found in humid and hot climates, die 
minimum in arctic climates. Heat and aridity, as in subtropical 
deserts, will promote ydlowish and reddish browns, wHle lower 
temperature and aridity, as in steppes, will promote greys and 
grey-browns. 

Among numerous examples, the studies of A. Roberts (1935, 
1938) on S. A&ican birds may be cited, though he' is inclined to 
find geographical regularities also in other colours and in stripii^. 
Roisdi’s statistical investigations showed Glogcr’s rule to apply 
in 85-90 per cent of cases. 'We have seen a good examplelof the 
results in African squirrels (p. 192). The Afiican buffalc^ (C. 
Christy, 1929), with their red forms in forests and black forms 
in open country, constitute an exception. Lipochrome pigmenta- 
tion tends to be of lower intensity in hot arid regions. 

Invertebrates also show pigmentation-gradients, e.g. bumble- 
bees, wasps, beetles, butterflies; but these are complex (see p. 262). 
Lizards {Gerrhonotus) in western North America show distinct 
dines (Fitch, 1938), size and relative tail-length decteasu^ with 
decrease of temperature. Dobzhansky (1933), by genetic andysis 
in lady-beetles, has made it possible to demonstrate^-a genetic 
dine underlyii^ geographical variation in Hamonia axyridis. 

In all such cases, since related forms will tend to show similar 
effixts, parallel evolution ofbn results. Vogt (1909 and 1911) 
gives numerous cases among bumblebees {Bombus), and G. L. 
Bates (1931) among West Afiican birds. Aldrich and Nutt 
(1939) find ^t in Newfoundland all resident birds which exhibit 
any ^ographical variation are exceptionally dark, often mote so 
(»i t^ meue humid eastern coast. An excellent example is' given 
by Mayr and Serventy (1938) firom birds of die Australian genus 
Aamthiza. Several spedes show a concentric arrangement of 
subspedes, diose in die arid interior beit^ pale, while those on 
the S.W. coast and a small part of the less humid S.E. coast are 
very dark. An interesting feature of this case is that the boundaries 
of the subspedes do not alwrays overlap exaedy in different 
qiedes, btu may run parallel at some distance firom each other, 
l^yr and Serventy are inclined to interpret this on the basis of 
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dii&dng tatt# of cv( 4 «tionary adjustmait to environment. It is, 
however, Just as likely dxat the pigmentary expression of what- 
ever physiological adaptation is involved, may difer from 
species to species. See also Rensch (1936). 

Another mteresting case concerns the crested larb (GalcriJa) 
of N. Africa and S. Europe (Rothschild and Hartert, 1911). Two 
closely allied species, G. cristata and G. theklae, largely overlap 
in range, but are ecologically differentiated. Both have numerous 
subspecies, which show parallel variation in coloration correlated 
with soil-coloiu: (though compHcated by polymorphism in G. 
theklae). G. theklae also shows a dine in song, which becomes 
more prolonged as one passes from north to south in Africa. 

Numerous other geographical dines appear to exist. The 
number of eggs in a dutch increases with increasing latitude 
within bird spcdcs, and the form of the wing becomes more 
pointed (Rensch, 19386); organisms tend to decrease in size with 
decrease in salinity (e.g. m the Baltic; but diis may be only a 
uon-^enctic modification) ; the number of fin-rays and vertebrae 
in many fish varies inversely with temperature; relative heart- 
weight decreases with temperature in warm-blooded species; 
tropical conditions promote a reduction of stomach- and intestinc- 
sizc in spcdcs of birds with a mixed diet, etc. 

The selective interpretation of such dines gives a rational 
basis to the Geographical Rules of Bcrgmaim, Allen, etc., which 
we have just discussed; and to the consequent parallel variation. 
This is well discussed by Goldschmidt (iSHo), p. 83, who sub- 
sumes all the Rules under the head of “parallelism of subspecific 
dines”. This parallelism may lead to forms which arc taXmio- 
mically indistinguishable being evolved independently in several 
areas. Under current taxonomic practice, these arc lumped 
togedier under one subspecific name. Hius the woodpecker 
type named Picus cams sanguituceps appears to have evolved 
in the Western Himalayas, Southern Malacca, and Cochin China 
(Danis, 1937); and Mayr and Greenway (1938) state that in the 
bird Mesia argentauris tlnrce populations which “differ, though 
too subtly for frmnal dcscripticai”, although probably not geneti- 
cally related, will all have to be called M. a. atgentauris. Tliis is a 
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clear case for subsidiary taxonomic terminok^ (p. 405), whether 
specified in die form of dines or descriptive ecok^ical terms. 

In addition to such general or widespread gradioats, mani- 
fested in many related and unrelated spedes, ^thets s^pear to 
exist which apply only to limited groups (Rensch, 19330). From 
among the wealth of possible examples we may adduce a few 
more concrete instances to illustrate the prindple. 

We have mentioned the geographical variation of the gipsy- 
moth, Lymantfia dispar. Goldschmidt (1934, p. 170) summarizes 
the gec^phicaUy-varying characters which he has injlrcstigated 
genetically. These indude (i) characters which, in his pew, arc 
definitely adaptive: — ^the male and female sex-facto«, which 
differ in potency; the length of larval development; the length 
of the diapause; (ii) characters which Goldschmidt insiders 
undoubtedly to be correlated with other distinctions wMch are 
adaptive: — ^the number of moults (four in both sexes; four in the 
male and five in the female; five in both sexes); the total size 
(weight) of the animal; the larval pigmentation; the colour of 
the imaginal abdominal hair; and (iii) characters which seem to 
have ndthcr direct nor indirect (correlated) adaptive value: — 
the inu^inal wing-colour. 

Clines appear to exist in regard to many of these characters: 
in general these are very gentle in the main holarctic land-mass 
but much steeper, and with more tendency to sharp breaks, in 
the eastern Asiatic region. However, the clines for different 
phenotypic characters are not always coincident. 

This species is the only one in which a full mendelian analysis 
has been made of the genetic basis for geographicaUy-varying 
characters. It is interestii^ to find that most are controlled by a 
series of multiple alleles, whose efi^t is often reinforced by 
cytoplasmic influence. Length of diapause, however, and colour 
of abdominal hair are determined by a set of independent multiple 
(polymeric) genes; and wing-colour appears to be determined 
partly by a series of multiple alleles, partly by four other inde- 
pendent genes. (In Perotnyscus, Sumner found that almost all 
subspecific differences depended on several genes, which he 
ccoisidercd to be independent multiple factors.) 
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A pecoHar dine is found in the insular populations of die deer- 
mouse, Peromyscus mmiculatus, on die islands of Georgia Strait, 
British Colombia (Hall, 1938), in relation to distance from die 
mainland. Within a mere fourteen miles, body-length increases 
from 84 to 103 mm., and tail-length decreases from 94 to 66 mm., 
almost halving the tail-body ratio. It seems impossible to correlate 
this with any of the usual geographical rules. 

The small copper butterfly, Heodes pMoeas, analysed by Ford 
(1924), shows distinct gradients in certain regions, while in others 
die distribution is irregular, and in sdll others, such as North 
America, there is hardly any variation over large areas. Ford 
considers that this last fact is due to the species having only 
recendy colonized the region, so that there has been inadequate 
time for geographical diflerentiation. Certain characters of the 
swallowtail butterfly, Papilio dardanus, show a graded distribution 
(Ford, 1936), as do some of Aaaea johnstoni (Carpenter, 1932). 
hi this and other butterflies with polymorphic females, a poly- 
morph-ratio gradient in the proportions of the forms may often 
be observed (Eltringham, 1910; Carpenter, 1932), as is also the 
case in the polymorphic foxes (p. 103), the guillemot (p. 105), 
etc. The fulmar petrel, Fultnarus glacialis, shows a condition 
intermediate between the dimorph-ratio cline (in the propor- 
tions of two sharply distinct forms), and the continuous gradation 
(J. Fisher, I 9 i 9 b). Here there is a primary distinction between 
pale and dark (blue) forms, but the blue types exist in various 
Agrees of intensity, and there is a dine towards a greater pro- 
portion of the deeper blue types in the far north. 

The fox-sparrows studied by Swarth (1920) show character- 
gradients, but these are by no means simple. The sharp steepening 
of the gradients at the zones of intergradation between subspecies 
is agun prominent. In some regions, different trends occur in 
different directions. Finally, there are certain apparent anomalies 
in the trends. Swarth suggests that these depend upon migratory 
habit, since the type woifld be influenced (whether by selection 
or otherwise) by conditions in their winter range as well as by 
diose in their breeding quarters. 

The zebras of the Burchell’s zebra group {Equus burchclli) sliow 
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an inteiesdng dine (see Shorttidge, 1934). The equatorial forms, 
covering two-thirds of its north-south range, are fiiHy striped; 
south of the Zambesi the striping is progrcssivdy reduced, first 
on the tail and legs (£. b. burchelli), and then on the hinder half 
of the body (£. b. quagga, the true quagga, now extinct, and oftoi 
regarded as a separate species). Here a threshold value for striping 
has been reached at a certain latitude. 

An interesting case is that of the cole tit, Pams ater. One of the 
characters by which the Irish subspecies, P. a hibemicus, is distin- 
guished from the British, P. a. britamicus, is the amount of 
yellow lipochromc pigment in the plumage, manifested. cs|KdaUy 
in the yellowish colour of its under-parts. Occasional specimens, 
however, lack this feature and these are more common towards 
the north-east of Ireland; and occasional specimens from Wales 
show varying degrees of the characters of the Irish form 
(Witherby, 1938-41). It would seem that the Irish Channel has 
introduced a considerable discontinuity into a coloration-gradient 
(see Huxley, 1919a). 

In this case, it is interesting to note, the various forms appear 
to differ primarily in regard to rate-genes (p.528 ft) affecting the 
rate of deposition and final amount of Hpochromo' pigment. 
This seems also to be the case in the African buffaloes just men- 
tioned, though here the pigment concerned is melanin (see 
discussion in Huxley, 1919a). A similar case is that of the Rassenkreis 
of the palcarctic goshawk Accipitcr gentilis (Gladkov, 1941). The 
subspecies to the N. and £. are lighter, and in them the young 
birds, which arc always darker than the adults, show an earlier 
onset of the lightening process. This species also obeys Bergmann’s 
rule. 

In the case of Pams atcr we have apparently an approximation 
to the condition of the stepped ramp, in which the subspecies 
show internal dines. A similar example has already been men- 
tioned in Peromyscus polionotus (p. 187). In both these cases die 
internal dines of certain subspedes appear to be confined to the 
margins of the areas of distribution, while in P. polionotus a 
pigmentary dine is continuous across the whole subspedfic ^a. 

Among the silver pheasants (Beebe, 1921), Gennaeus shows 



TUB SVKCfES PKOBUiM: CfXViMAPillCAL SPliCIATtON 219 

large-scale colour-clmcs m all die main spcdcs. In addition, there 
has been considerable hybridization along die boundaries of 
species or marked subspecies, producing irregular genodines. 
The internal dine in die moth Ptatysamia (Sweadner, 1937) 
a{^>eats to be a goiodine, due to hybridization between two 
(hstinct forms brought together by post-glacial migration. The 
dines in die frequency of blood-group genes in man across the 
Paleatctic (Haldane, 1940) arc also undoubtedly due to migra- 
tion; where natural barriers occur, the slope of the dines is niudi 
steepened. 

Loppenthin (1932) describes a continuous dine in tli6 colour 
of the under parts (from chestnut to pure wliite) in the common 
nuthatch (Sitta caesia) from several hundred miles from west to 
cast across north-central Europe. At either end, the dine passes 
over into forms which are stable over considerable areas — ^i.e. 
gcograpliical subspecies. It is possible that here, too, we arc 
dcaluig with a gcnocline resulting from hybridization between 
two distinct forms which have met subsequently to differentiation ; 
possibly, however, it is a true geographical internal dine related 
to an environmental gradient, and such dines may turn out to 
be commoner than now supposed. The diiTerendation of the 
squirrel Callosninus slaJeiii along the Chindwin river is considered 
by Tliomas and Wroughtoii (1916) to be into numerous sub- 
spedes: their own data, however, make it probable that it is 
really into two colour-clincs, separated by a tributary (see p. 227). 
Again, Fleming and Snyder (1939) in the song-sparrow Melospiza 
melodia find a continuous NW.-S.E. colour-cline across Ontario. 

L. L. Snyder (1935), in a study of the sharp-tailed grouse 
{Pedioecetes phasianellus) of North America, finds that, in additiem 
to distinct subspedes of the usual type, there is a colour-cline 
firom north to south over the Great Plains. He hesitates whether 
to give trinomials to various forms widiin this dine. Althou^ 
as he says (p. 59), this would be quite a normal procedure accordr 
ing to present taxonomic practice, this docs not mean that it 
would ^justified (see p. 226). 

We may be sure that many forms have been accorded sub- 
spcdfic rank because the conferring *of a trinomial was the only 
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accepted method of disdnguishing them, whereas in reality they 
represent only points on a continuous dine. Once the idea of 
dhies is generally accepted, we may safely prophesy that an 
increasing number of cases of dines will come to light, often 
replacing series of subspedes. 

Examples of continuous (internal) geoclines within extensive 
populations are as yet infrequent, doubtless because they are less 
readily detected. However, a very interesting case is that of the 
honey-bees, studied by Alpatov (1929). In the plain of European 
Russia, a gradient occurs in tongue-length. This inctej^s from 
north to south so regularly that the change can be reasonably well 
represented by a mathematical equation connecting uongue- 
length and latitude (y = 10 -3219 — 0.07559X, where y A tongue 
length in mm., and * = degrees of N. latitude). The i(pngue- 
length ranges from 5*726 mm. to 6-733 mni. 

A north-south gradient towards smaller absolute body-size, 
larger relative leg-size, relatively broader wings, lighter abdomen- 
colour and other characters, including certain points of behaviour, 
is also apparent. 

In the Caucasus, this gradient is continued with decreasing 
latitude for tongue-length and relative leg-length, but is reversed 
(presumably in relation to decrease of temperature with altitude) 
for abdomen-colour and relative size of wax-glands. This shows 
how valuable the specification of character-gradients may be as 
an additional method of taxonomic description, as does the fact 
previously cited (p. 217) that in fox-sparrows (Passerella) different 
character-gradients run in different directions; the same is true 
for Lymantria (Goldschmidt, 1940, pp. 69-70, 84). 

No such graded variation is to be found in North America: 
this is due to the faa that the honey-bee is there a recent importa- 
tion. The geographically-graded characters are all or mosdy 
genetic. Some of them appear to be adaptive, e.g. the tongue- 
length in relation both to the type of flora and the average level 
of nectar in die flowers. 

Another interesting case is that of the lady-bird beetles (Coedn- 
elUdae) studied by Dobzhansky (1933). hi many of these, poly- 
morphism exists, several qualitatively distina non-intergrading 
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types being found within the species. Character-gradients of two 
sorts are found in the group, one concerning the frequency of the 
different qualitative types, the other affecting the quantitative 
development of a single character of a partiedtar type or types. 
Humidity, and to a certain degree low temperature, appear to 
favour depdi of pigmentation, though the correlation is by no 
means complete. Various species show well-marked pigmentation 
dines around centres of light and of dark forms. 

This example is interesting as combining the two types of 
internal or intra-group dines — ^in qiuntitative characters and in 
polymorph ratio (p. 103). 

A similar combination seems to exist in the gyrfalcon {Falco 
rustkolus). Its various forms may prove to be better represented 
by a single dine (involving an increase of size and in pcrcent^c 
of l^ht-coloured birds with increasing N. latitude) than by the 
usual method of subspecific naming. Witherby (1938-41) dis- 
tinguishes a very dark subspedcs from Labrador, a moderately 
dark (typical) subspedes from the north of the western palearctic, 
a moderately light subspedes from Iceland, and a very pale 
subspedes from N. Greenland, as well as others from Siberia 
and Arctic Canada. 

However, in some localities a certain number of contrasted 
types occur. Thus a minority of N. Greenland birds are indis- 
tinguishable from the typical Iceland form. In Iceland, there is 
a considerable range of variation, and a typical Iceland form and 
one similar to the pale Greenland type have been recorded in the 
same brood. The S. Greenland population is indistinguishable 
from that of Iceland. The “subspecies” from Siberia and Altai 
show great variation, and can only be separated on the basis of 
the relative abundance of the various types they contam. 

Bird and Bird (1941) state that the very dark forms arc in the 
great majority in Labrador, but that some occur in SW. Green- 
land. Variation is at its lowest in N.E. Greenland, and they wish 
to restrict the N. Greenland subspecies to this area, while admitting 
that some birds from Arctic Canada arc as pale. They lump all 
the birds from Labrador, Arctic Canada, and S. Greenland into 
one subspecies, in Apite of the great local variation, and in spite 
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of the identity in colour of the S. Greenland with the Iceland 
birds. 

It would appear much more logical to indude the whole 
population in a single dine; the relative lack of vatiatitm in the 
N.£. Greenland birds would then be due to their being dose to 
the limit for pale colour. 

Juveniles ate always darker than adults, but those forms widi 
lighter adults have lighter juveniles. The variation is dierefore quite 
possibly genetically dependent, like those in buifaloes and cole dts 
(p. 218), on rate-genes af&cdng the rate of deposition of pigment. 

Polymorph-(dimotph-)ratio dines have a spedal internt for the 
sdectionist, since the continued existence of two or more sharply 
marked types within a population implies a selective \balance 
between them (p. 97; and sec Ford, 19400). When a dinjc exists 
in the proportion between the two, the geographical conditions 
along it may give a due to the selective factors involved. 

A recent study of primroses (Primula vulgaris) by Crosby (1940) 
shows how the origin of a mutation with positive selective value 
may give rise to a temporary polymorph-ratio dine. Primulas 
normally show heterostyly with the two types, pin and thrum, 
approximately equal in frequency. In one area, however, large 
numbers of long homostyles were found. If, as seems probable, 
these are normally self-fertilized, their numbers will increase, and 
those of the other types decrease, thrum more so than pin. If 
the mutation arose in one centre, it would spread, and the ratios 
of the three types would change with distance from the centre 
and with time. The preliminary counts so far made arc not 
conclusive, but do not contradict this hypothesis (see p. 313). 

A remarkable dine in regard to sexual dimorphism, but 
affecting spedes instead of subspedes, is found in the flycatchers 
(Pomaea) in the Marquesas. The northernmost, spedes, P. iphis, 
Im pied black-and-white males and brown femdes; the central 
P. mmdozae has black males and probably pied females; and the 
southernmost P. whitneyi is black in both sexes (Murphy, 1938). 

Colman (1932) has made careful measurements on the shells 
of the periwinkle, Littorina obtusata. He finds great variability in 
Mze and form, but the populations from the two sides of the 
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Adantic caimot be distinguished statistically. Here and thete, 
distinct gradients occur. For instance, in passit^ up the New 
Cng^and coast a marked change in shape occurs along a portion 
of Maine, the shells becoming thinner, with taller spires. Biometric 
investigations of this sort on molluscs with a wide range should 
provide useful data linking ecology with systematics. 

The application of the principle of geographical replacement 
to plants is revealing intergroup dines. Thus Rensch (ipspc) 
finds a west to east increase in the divided condition of the leaves 
in a Rassenkreis of the pasque-^ower, Pulsatilla. 

We may next consider ecological dines (ecoclines). In general, 
as already pointed out, these will tend to be repeated, with 
variations in slope, form, and extent, in numerous regions of a 
distribution area. The increase of shell-thickness with aridity in 
land snails appears to be one such example (sec instances in 
Rcnsch, 1932). There appear to be numerous examples of alti- 
tudinal dines, notably in size, in bird spedcs: see Chapman and 
Griscom (1924) for wrens [Troglodytes), Danis (1937) for wood- 
peckers [Pirns), Dementiev (1938) for various genera, and Mayr 
(1931-40, No. 41) for the honey-buzzard [Henicopernis). 

Schmidt (1918) dememstrated a gradient in number of vertebrae 
in the sedentary fish Zoarces viviparus in various Norwegian 
fjords, the number decreasing with distance from the open sea. 
Vertebral number and other characters in fish appear often to 
show a broadly graded distribution (Regan, 1926; Hubbs, 1934). 

In many plants, very short ecochnes may exist. Gregor’s 
investigations on Plantago maritima (i938fl, 1939) indicate that 
these are produced anew in each generation by selection from 
among a wide range of ecotypes present in the species— an 
important general conclusion. The differences involved may be 
considerable; thus scape-length runs from just above 20 cm, in- 
waterlogged coastal mud types to nearly 30 cm. in those from 
maritime rock. In addition, large-scale geographical dines (which 
Gregor ralU topoclines) exist for certain characters which do not 
show ecoclines, c.g. the ratio of scape-length to spike-length 
increases from west to east from western America (3.2) via 
eastern America and Iceland to western continental Europe (4I9). 



224 evolution: the modern synthesis 

Topoclines have been to exist in Pinus (Langlet, 1937) and 
Iris (Anderson, 1928), and will doubdess prove a common 
feature of plants as more attention is directed to the subject 

A case of abrupt steepening of a gradient is seen in the silver 
pheasant, GentMeus. The areas of two well-marked forms, one 
with dark and the other with vermiculated plumage, are separated 
by a more sparsely populated region where no two individuals 
seem to be alike. Baker (1930, p. 295) puts this down to the 
rapid variadon ki geographical and climadc factors in the inter- 
mediate region. It is more probable, however, that these! are two 
forms which have met after difierentiadng in separate! regions 
(pp. 243 seq.) : dbey are in any case so different that Baker places 
^em in diferent species (Gennaeus h. hor^eldii and G. \lineatus 
oatesi). See also Ghigi (1909), Beebe (1921), and p. 218. Gmnaeus, 
as a form open to genedc analysis, merits intensive investigadon. 

Numerous other examples of dines of various types will be 
found in Robson and Richards (1936) ; but enough will have been 
said to demonstrate their widespread existence and their impor- 
tance in many groups of organisms. 

As Rensch points out, the various empirical rules concerning grad- 
ients enable us to prophesy ivith considerable accuracy what will 
be the appearance of subspedes from areas as yet uninvesdgated. 

Although some of these efiects (pigmentadon; altered propor- 
don of extremides, etc.), may be induced experimentally as pure 
modificadons, it appears certain that most of the differences seen 
in nature are determined genedcally. As regards their biological 
meaning, while some of them, such as change in rekdve size of 
heart, of digesdve organs, and of ear-size, appear to be, in whole 
or in part, direedy adapdve, many must be presumed to be 
correlated with less obvious but more fundamental adapdve 
changes in metabolism and aedvity, such as those evidenced by 
the thyroid o£ Peromyscus subspedes (p. 188). 

It is dear that, since humidity and temperature often vary in 
difierent ways, gradients in pigmentadon will often run across 
each other. Doubtless many other character-gradients may run 
in different direcdons. A. H. Miller (1931) has demonstrated this 
independence of character-gradients for some characters of the 
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shrikes (Lmuhs) that he studied, and so has Swaith (1920) for the 
fox-sparrow, Passerella (see pp. 182, 196, 217, 220J. 

It should be mentioned that geographical dines do not always 
occur. When a population is thus uniform over a large area, t^ 
uniformity may be correlated with uniformity in environmental 
conditions, e.g. in the wood-mouse Peromyscus leucopus noue- 
boracensis (Dice, 1937). 

Again, marked gradients sometimes exist for some characters, 
but not for others. Thus in South American wrens {Troglodytes 
musculus). Chapman and Griscom (1924) find a distinct increase 
of size with altimde (doubdess a temperature effect), but little 
correlation of colour with any environmental factor. This latter 
fact they put down to the supposedly very recent date of the 
extension of the species over the continent (cf. Heodes in North 
America: p. 217). If so, then selection for increased size in low 
temperatures must be more intense and therefore more rapid in 
its effects than selection, e.g. in humid areas, for whatever 
characters produce changes of coloration as their correlates. 

It should be mentioned that Reinig (1939) has criticized 
Rensch’s views as to the adaptive origin of the dines connected 
with the Geographical Rules, and subsdtutes a theory according to 
which they are due to selective elimination of genes during post- 
glacial migration from gladal “refuges”. While this explanation 
may hold good for some forms, such as the red deer Cervus 
elaphus, or the swallowtail Papilio machaon, it would seem cer- 
tainly not to be of general appUcadon. His views, however, are 
another reminder that dines are of common occurrence, and 
originate in numerous distinct ways. 

The general existence of character-gradients within spedes and 
groups of related species is a fact of major biological importance 
which has been fully established only within the last few decades. 
As detailed work proceeds, and is backed by genedcal and 
ecological study, wc may prophesy that the mapping of character- 
gradients will provide an important method of taxonomic 
analysis, complementary to that afforded by the characterizing 
of named subspedes. It should, for instance, be possible to show 
on a map the lines of maximum change for different characters. 
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If the extreme values for difieient populadom of the species are 
designated o and loo, the plotting of intermediate values (pheno* 
contours or isophenes (p. 104) will give a contour map of the 
character-change. 

Such mapping will obviously permit of important studies in 
comparative systematics — ^the determination of regularities and 
differences in the correlation of character-gradients widi environ- 
mental gradients, the tendency for subspedfic boimdaries to occur 
in certain regions (Reinig, 1938; Grinnell, 1928), the relative 
variability of dififerent species, and so forth. The specincadon of 
inter-group dines will permit biologists to obtain a much dearer 
picture of the inter-teladonships of the subspecies of a polytypic 
spedes, espedally when (as will probably prove to be me ride) 
dines for different characters run in differen: direcdons. \ 

In most cases, dines should be employed as a terminology 
which is purely subsidiary to that of the trinomial naming of 
genera, spedes, and subspedes. The description of dines can 
provide a darification of the taxonomic picture, as well as greater 
detail of analysis, but must follow and supplement the description 
of spedes and subspedes, not in any way replace it. Occasionally, 
however, dines must be regarded as taxonomic Categories in 
thdr own right, to be employed as part of the nomenclature, in 
place of subspedes. This will be so when a well-marked gradation 
of characters extends without sharp break over a considerable 
area, as in the nuthatches mentioned on p. 219. Loppenthin, it 
is true, assigns subspecific names to arbitrary stages in the dine, 
but this would appear to be quite indefensible. 

Subspedes, by definition, should mean something of the same 
general nature as spedes — ^i.e. unique groups, with definite 
characters shared by the whole population, and definite areas of 
distribution; the distribution may be either geographical or 
ecological. Clines, on the other hand, may be repeated a number 
of times; and even when they have a definite single area of 
distribution, by definition show a gradation, not a uniformity, 
of characters. It is suggested (Huxley, i939<i) that when a dine 
has a large single distribution area, and thus constitutes an infira- 
spccific category equivalent to a subspedes, it should be denoted 
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by a hyphoiated Latin name, preceded by die abbreviatiem cl 
It is furdor suggested that where doubt exists as to whether a 
scries of forms represents a single internal dine or a set of sub- 
species which can be arranged in an intergroup dine, they should 
be provisionally named as dines. Thus in the Burmese squirrels 
{paUosdurus sladem) referred to on p. 219, the northern series 
of forms, instead of being divided into four separate subspedes 
C. s. shortridgei, fryanus, careyi, and harringtonii, as is done by 
Thomas and Wroughton (on the basis of collections from six 
stations only, one of which yidded types intermediate between 
two of the “subspedes”!), should, pending further investigation, 
be styled C. s. cl shortridgei-harritigtonii. 

The dine concept can also be employed in a formal sense, to 
express the gradation of forms produced by species-hybridization, 
even when no geographical gradation exists. Such dines have 
been called hybrid dines or nothocUnes by Melville (1939), and 
have been used by him in his analysis of the bewildering variety 
of forms found in the elms (Ulmus). 

The giving of a name to a particular group inevitably tends 
to endow it with greater fixity and uniformity than may be 
warranted; and if one infra-specific group be just sufEdently 
dbtinct to merit subspecific naming, another not, the named 
group will tend to be thought of as having a greater “reality”. 
Tlie employment of dines in taxonomic description will tend to 
correct this, by stressing gradational changes and the orderly 
inter-connexions of groups, and will help towards providing a 
truer and fuller picture of organic diversity. 


5. SPATIAL AND ECOLOGICAL FACTORS IN GEOGRAPHICAL 
DIVERGENCE 

We may now consider in more detail the various methods by 
which geographical isolation may operate. It is clear that, when- 
ever the areas inhabited by different geographical groups differ 
cither in didx physical or their biological environment, then 
adaptive dianges may, and usually wiU, occur, superposing some 
d^ree of ecological ^vergence on what we may call the pure 
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geographical, due to non-adaptivc changes, hi order to discuss 
these adaptive processes adequately we must anticipate some of 
die later conclusions and point out that ecologicd divergence 
may be of three main types. There is first, adaptation to the broad 
physical features of a region, including climate: this we may call 
ecodimatic. Secondly, there is adaptation to the detailed features 
of a particular type of habitat within a region, which may be 
called ecotopk. And in the third place there is ecobiotk adaptation, 
to a particular mode of life within a habitat. ^ 

In ecological divergence, adaptive difierentiation is brimary, 
whereas in geographical divergence, spatial separation is primary. 
Naturally, diere are many borderline cases; but the distinction is 
often a real one. Ecological divergence may be superposed upon 
geographical, e.g. in cottons of the genus Gossypium (Silow); 1941). 

In this section we shall confine ourselves to geographical 
divergence, where the primary factor permitting or promoting 
partial or complete speciation is the spatial separation of the 
groups concerned. This, however, may operate in various ways, 
(i) In the first place, geographical changes may introduce a 
discontinuity into a previously continuous range. This will occur 
when subsidence isolates groups of a land form on islands; when 
elevation separates groups of a marine form on two sides of an 
isthmus; wh^ a change of climate isolates groups on mountain- 
tops; when ecological conditions cause a discontinuity of a 
necessary food-plant; or when an anadromous fish species 
becomes land-locked in several separate lakes. 

Such barriers are non-biological accidents superposed on the 
biological continuum. They may be ecologically neutral, when 
the environment is similar on bodi sides of the barrier. If, however, 
it differs on the two sides, the barrier will be ecologically signifi- 
cant, and, by preventing gene-flow, wiU faeflitate greater 
divergence than would otherwise have occurred. 

The discontinuity may erect a complete barrier to the inter- 
breeding of the two groups, as with the case of the isthmus or 
the lakes; or the barrier may be partial, as with a bird population 
on an island close to the mainland. Divergence in small isolated 
populations may depend solely or mainly on the isolation, and 
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be due to the “accidental” incorporation of non-adapdve 
mutations and new chance recombinations — the Sewall Wright 
effect of “drift”. 

(2) A similar state of affairs may arise when sharp geographical 
barriers, such as rivers or mountain ridges, exist ah initio in the 
path of a species which is extending its range. The species may be 
able to surmount the barriers by migration, but the migration 
is of small extent: thus the resultant groups remain essentially 
isolated, as with Partula (p. 232). 

(3) A somewhat different picture is afforded by wide-ranging 
species whose range is not cut up by sharp physical discontinuities. 
In such cases, the whole can form a single interbreeding group 
without any marked barriers, even though mere distance pre- 
vents the intermingling of the remoter portions of the population. 
Divergence may then occur, as with Peromyscus, in relation to the 
broad features of various regions — ^humidity, temperature, colour 
of background, etc. Essentially adaptive subspecies will be pro- 
duced, but further divergence into full species is prevented by 
interbreeding at the margins of the subspecific areas. The sub- 
species may of course differ also for accidental “isolational” 
reasons. 

Such subspecies will remain dependent, as parts of a single 
evolving Rassenkreis. They have reached the equiUbriuni-point 
of partial biological discontinuity, which is maintained thanks 
to the establishment of harmoniously-stabilized gene-com- 
plexes in the subspecific populations, with consequent restric- 
tion of interbreeding to narrow zones (p. 210). This condition, 
as pointed out by Sewall Wright (1940), is the most favour- 
able for the adaptive evolution and plasticity of tlic group as a 
whole. 

This type of divergence may readily be combined with the 
types outlined under (i) or (2) above, and (5) below. In such 
cases, full species may arise, and divergence proceed further. 

(4) When a species has been widespread and becomes restricted, 
or when it is very local, interbreeding between local group 
becomes reduced, and accidental divergence, fostered by isolation 
and by reduction of numbers, can play a greater part. 
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(5) When ecol(^;ica]ly very distinct regions within a lai^ 
area ate colonized, distinct subspecies or species may be formed 
in each sudi area. We may thbk of woodland as ag^unst open 
country, upland as s^gainst lowland, desert as ;^ainst well-watered 
country, sea-coast as :^ainst inland. Groups diverging in this way 
will in general be spatially separated, but the process differs from 
ordinary geographical subspeciadon, as under (3) above, in 
certain important ways. In die first place, such ecological regions 
may each be markedly discontinuous (e.g. regions over a certain 
height), whereas those inhabited by typical geographical sub- 
species are normally each well-defined as a continuous single area. 
Secondly, the principle of geographical replacement may break 
down, distinct groups within a region being kept apart \by eco- 
logical preferences ^p. 270 seq.). Thirdly, the ecological adapta- 
tion is here on the whole primary, the spatkd separation 
secondary. These facts may have a further consequence, namely 
that there may be relatively more zones where the two groups 
may come into contact, though diere will be sharper adaptive 
distinctions between them. Then, as we shall see, selection will 
promote barriers to interbreeding, so that full speciation is more 
likely to result. 

This type of divergence thus forms the transition to ecological 
divergence, and is on the whole on the ecological side of the 
dividing line. We shall accordingly treat of it in a later section. 

(6) When the biological environment of an area inhabited by 
a group is very different from that of other areas inhabited by 
related groups, the type of divergence which results from geo- 
graphical isolation may be quite distinct. On oceanic islands, for 
instance, a very restricted fauna and flora is usually found, so 
that selection will aa in quite a different way from the original 
habitat of the species on the mainland (pp. 324 seq.). The same 
may apply to large and well-isolated lakes. 

In such cases the struggle for existence will in general be less 
intense, both as regards competitors and as regards enemies. This 
will allow greater play both to accidental divergence and to 
ecobiotic differentiation of a rather special sort (p. 325). In addi- 
tion, tile environmental factors will often be so different that 
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ecoduHatic aad ccotopic div^gence also will be promoted above 
die ordinary. 

(7) Tlie nature of the group that is spatially isolated may also 
play a part in determining die type and extent of divergence, in 
addition to the nature of the isolation and the nature of the 
physical and biological environment in which it is isolated. For 
instance, migratory forms are less likely to show geographical 
divei^ence than sedentary ones (p. 239). 

(8) Next, there are the effects of migration. Sometimes we 
have the simple expansion or contraction of the distributional 
area of a group. A particularly interesting process is that of the 
migrations of two or more distinct groups subsequent to their 
divergence. A process that is in a sense the converse of (i) occurs 
when geographical change, such as elevation or change of climate, 
permits subspecies or species that were differentiated in complete 
isolation to meet once more (p. 243). The result will be quite 
di&rent according to whether they are or are not still capable of 
breeding together. Of rather a different nature are the alterations 
in range of subspecies that have always been in contact at the 
margins of their areas, as a result of changbg population- 
pressure (p. 209). 

(9) Finally, we have numerous range-changes due to human 
interference, such as introductions, deliberate or accidental, of 
alien types. It is probably fair to say that most biologists are 
unaware of the number and extent of such range-changes now 
actually in progress. 

We may now consider these general points in the Ught of 
actual examples. Cases where divergence appears to be largely 
non-adaptive, due either to the accidental after-effects of isolation, 
or to the equally accidental initial process of colonization by a 
non-representative sample, are seen in various island forms, in 
the diiierentiation of (Afferent races of char in European lakes 
(p. 177), and in the divergence of the flora of the high mountains 
of East Africa. In this last case, it appears that during the pluvial 
period the present high mountain forms occurred at much lower 
levels and accordingly had a continuous distribution: with 
increased aridity, they were pushed up the mountain-sides into 
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isokdon. As a result the giant senedos, lobelias, ttee-headis and 
other plants usually dificr specifically or subspecifically from 
one mountain to another. The same occurs with birds in South 
America, two well-marked subspecies of the mountain humming- 
bird Oreotrochilus chimborazi being found on Chimborazo on 
the one hand and Cotopaxi and neighbouring mountains on 
the other. The ranges of the two forms are separated by about 
sixty miles. A rare intermediate form, however, appears to exist 
on a ridge midway between the two: if so, this provides a 
beautiful example of partial isolation (Chapman, 1926, b. 301). 
In these cases, differentiation, whether accidental or a^pdve, 
appears to have occurred wholly or mainly subsequent to isolation, 
not by initial sampling. \ 

A similar phenomenon, here apparently altogether due tp non- 
adaptive subsequent differentiation (the Sewall Wright effect), 
was described by Kammcrer (1926) for lizards on isolated islands 
in the Adriatic. In one case, the two halves of one island arc 
biologically isolated through the isthmus being exposed to salt 
spray: and the lizards on the two halves arc of a different colour. 
A well-known case is that of the special variety of lizard found 
on the isolated rocks known as the Faraglioni close to Capri. 
We have referred (p. 200) to the quantitative evaluation of 
geographical differentiation in insular lizards recently undertaken 
by Kramer and Mertens (i938fl). 

The most remarkable cases, however, are those of various land- 
snails in the Pacific, as described by J. T. Gulick (c.g. 1903), 
Pilsbry (1912-14), and Crampton (1916, 1925, 1932). We may 
take Partula on the Society Islands as an example. The interior 
parts of the islands arc mountainous, cut up into deep wooded 
valleys separated by knife-edge ridges. Snails can and do migrate 
from one valley to the next, but this is an occasional phenomenon 
only, since they arc adapted to warm, moist conditions, and arc 
normally not found cither in tho dry coastal strip, the cold peaks, 
or the cold dry ridges between valleys. Thus the populations of 
different valleys arc virtually isolated in a gcnctical sense, except 
for rare and more or less accidental migration. 

Numerous species of Partula arc distinguished, with different 
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degrees of tntra-spcdfic variation. The most complex species 
de^bed is P. otaheitana, with eight subspecies and dicir varieties 
of primary, secondary, and tertiary degree. These varieties 
indude dcxtral and sinistral types, giant and dwarf types, and 
numerous types differing in colour and form of shell. 

The different characters and varieties occur it/ different pro- 
portions in different valleys, some oftem being wholly absent in 
particular areas. In certain cases the course of migration can be 
deduced. For instance the population of Fantaua Valley shows a 
remarkable degree of variation, and appears to have been the 
source for the colonization of a nunilxT of other neighbouring 
valleys: for the populations of all of these show a reduction in 
the number of “unit-characters” as against the Fantaua assem- 
blage, but each possesses a different combination of these charac- 
ters. Thus local reduction of variability by colonizing through 
small random non-representative samples seems here to have 
been an important method of increasing geographical diversity. 
On the other hand, other evidence points strongly to some of the 
diversity being due to the “accidental” incorporation of new 
mutations or recombinations, in the populations subsequent to 
their isolation. 

An important feature of Crampton’s work is that he was able 
to demonstrate the process of change in operation (Crampton, 
1925). He himself had been collecting since 1908, and a detailed 
record had been made by Garrett from 1861 to 1888. During 
this period, several changes have occurred. Extension or altera- 
tions of range have been not infrequent. Colour-types aijd 
giant and dwarf forms unrecorded by CJarrett have become 
well-established in certain valleys. Forms showing reversal of 
spiral have become established in colonies recorded as exclusively 
dcxtral or sinistral in the nineteenth century. 

The largest change occurred with another sjiecies, P. dara. 
Garrett described this as “very rare”, and restrictetl to a sinal. 
southern area of Taliiti. By 1909 it had covercil almost four-fifths 
of the island, and both in its old and its new are.is showed a much 
greater degree of variation in size, shajie, and coloui-. 

Similar phenomena were found with P. siiliiralis in Moorea 
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kland. Here we have a curious fact. While the species in Garrett’s 
time was almost exclusively dcxtral, and remains so to-day in 
its ordinal area, it beoimcs progressively more sinistral in die 
newly-colonized areas. (The physiological peculiarities of sinis- 
trals (p. 316) may favour their spread in certain conditions.) 
Again, P. mirabilis, so rare in Garrett’s time as to have escaped 
detection by hipi, now covers quite a wide area, and exhibits 
an extremely high degree of general and local variation. Com- 
parison of Craropton’s earlier and later data show that the process 
of spread and differentiation deduced for the period before ^907-9 
had been continued in the further sixteen to eighteen yeto. 

Very similar results have been found by J. T. Gulick (1905; and 
see Pilsbty, 1912-14, and Welch, 1938) wiA the AchatinellidUand- 
snails from the Hawaiian Islands. It appears that a similar, thpugh 
not quite so excessive, differentiation has occurred among die 
amphibia of the mountainous islands of the Antilles (see Barbour 
and Shreve, 1937). In other parts of the world, where these 
peculiar conditions favouring isolation are not operative, the 
geographical differentiation of land-snails proceeds along more 
normal lines (see, e.g., Rensch, i933i>). 

An interesting case from mammals is that of the African 
cob-antelopes {Kobus) studied by Hamilton (1919). On the east 
bank of the Nile there is a gap between two distinct forms 
(weU-marked subspecies), while on the west bank the two grade 
into each other both geographically and in appearance. The 
reason for the greater isolation on the east is not clear. 

The ecological and geographical factors in the distribution and 
differentiation of birds are interestingly discussed by Palmgren 

(1938). 

By far the commonest method of geographical divergence and 
probably of divergence in general, is that which we may call 
eco-geographical, in which the primary fact of spatial separation 
of groups is combined with adaptation to the peculiarities of 
the areas in which they find themselves.* 

We have already given examples of diis from a mammal 

* Kensch (19334), indeed, considers this the only important method of 
speciation, but he fails to dead with genetic isolation, and unduly ne^ects eco- 
logical divergence or includes certain aspects of it under the geographical head* 
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(Peromysois) smd a modi [Lymantria). What is probably aaodier 
examine comes from amphibia. Witsdii (1930) has studied scx- 
diderentiation in the common frog of Europe. In this animal, 
diderent geographical races have different methods of gonad 
development. In die diderendated races, sex-dif&rentiadon is 
-clear-cut from the outset. In the undidcrentiated races, all indi- 
viduals develop as females until metamorphosis, after whidi 
50 per cent become transformed into males. In die semi-differ- 
endated races all individuals start as females, but the transformadon 
of the genetic males to phenotypic maleness occurs earlier. 

A study of types from many localities brought out the fart 
that the undidcrentiated races are confined to the regions of 
Central and Western Europe, which were not glaciated in die 
Ice Age, while die diderentiated types are found both in the 
north and in Alpine valleys, with the semi-diiferentiated m an 
intermediate zone. The divergence of the various races must then 
have taken place since the end of the Ice Age. In addition, the 
races show obviously adaptive difference in habits. On arrivii^ 
at a pool or being brought into tanks in the laboratory, the differ- 
entiated or short-summer races lay eggs immediately, while the 
undifferentiated may not lay for one or two weeks. The time- 
relations of spermatogenesis are also adaptive. Witschi believes 
the differences in sex-diderentiation to be determined in some 
orthogenetic fashion, but they are probably correlates of funda- 
ment^ adaptive processes such as rate of metabolism, promptness 
of egg-laying, etc. Local colour-varieties occur, but have no 
relation to type of sex-development. The physiological differ- 
entiation of the beetle Carabus nemoralis has already been 
mentioned (p. 206). 

Witschi’s case is similar in its general evolutionary significance 
to diat of the geographical adaptation to different temperature- 
conditions found in Drosophila funebris (p. 191). It is probable 
that further research devoted to this point will reveal numerous 
other cases of such climatic adaptation in morphologically in- 
visible but biologically important characteristics. Porter (1941) 
has demonstrated different egg-cytoplasm effects on early 
development in two geographic races of frogs. It will be interest- 
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ing to discover whether such difi^entiation normally shows the 
phenomenon of partial discontinuity with relative uniformity of 
character over considerable areas (p. 209). 

Bady (1939) has exhaustively analysed the physiological 
pecuharities of two morphologically indistinguishable local 
populations of the water-snail Limnaea columella, and finds that 
they differ quite considerably m inherent mortality and longevity, 
fecundity, and rate of growth. One very curious fact is that, 
under the optimum conditions provided by laboratory culture, 
one type only was able to grow regularly into a large form of 
pecuhar shape, which conchologists dignify as a separate vmety: 
here we have a good example of inherent difference in develop- 
mental potentiality. Further research will be needed to show 
whether such physiological differentiation is sporadic and l^al, 
or if well-marked types (physiological subspecies) extend over 
large regions. 

A case where isolation has enforced new habits, but not as yet 
new genetic adaptation, is that of the situtunga antelope {Trage- 
laphus spekii) on Nkosi island in the Sese archipelago of Lake 
Victoria (Carpenter, 1925). This species is normally an inhabitant 
of papyrus swamps; but there are no swamps on Nkosi, so the 
buck on this island have become virtually bush-buck in habits. 
Their hoofs are short, not elongated as is normal, but this is pre- 
sumably a mere modificational difference in wear; they do not bark 
in the usual way, and are exceedingly tame. If the Nkosi situtunga 
should eventually become a genetically-adapted subspecies, we 
should have an example of organic selection (p. 304) following 
on isolation. Somewhat similarly, the feral camels of southern 
Spain, released over a century ago, have become restricted to 
marsh life, and have not colonized neighbouring sandy areas 
(A. Chapman and Buck, 1893). 

An excellent example from birds is the widespread North 
American shrike, Lanius ludoviciams, the distribution and ecology 
of which has been thoroughly investigated by A. H. Miller 
(1931). Of this species he describes eleven subspecies, distin- 
guished by differences in colour, size, proportions, and habits; 
apart from correlation of colour with climate (see above, p. 213) 
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he finds certain features which appear to be definitely adaptive. 
Certain subspecies are migratory, while the othen are not; the 
former arc more efficient fliers, as measured by a higher ratio 
of wing-length to tail-length (differences of 4 to 5 per cent). 
One subspecies is migratory in the northern part of its range, 
resident in the southern: the same type of di&rence is shown 
here, though as would be expected the differences are much less 
(about I '5 per cent in the ratio). 

Then some subspecies inhabit more wooded country, others 
more open and more arid country. The latter must fly longer 
distances from perch to perch and in pursuit of prey (a deduction 
checked in two subspecies by field observation). In correlation 
with this they have greater manoeuvring capacity, as evidenced 
by greater length of both wings and tail relative to total weight 
(e.g. in the best worked-out case about 3 per cent longer wings 
and tail with a 6 per cent fighter weight). The island races show 
slightly reduced wings and tail, and larger feet: this is in accord 
with the character of island birds and insects in general, which 
in extreme cases are wingless. An interesting point is that the 
size of the breeding territory varies, sometimes markedly, in 
different subspecies, in relation to habitat and food supply: it 
would be interesting to ascertain if this is a genetic trait. 

In this species Miller finds that isolation per se has little effect 
compared with spatial restriction to ecologically different areas: 
this is well illustrated by one of the island subspecies. 

In general, he concludes that there are three factors governing 
the magnitude of the subspecific differences found: first, and most 
important, the degree of difference in the environment; secondly, 
the effectiveness of isolation against interbreeding at the margins 
of the area; and thirdly, the migratory or non-migratory nature 
of the group and of neighbouring groups. Sewall Wright’s work 
has made it clear that die size of an area also has an influence, 
small size of area implying smaller population and therefore 
greater scope for accidental variation. We have noted this effect 
at work in mouse-deer (p. 183) and in lizards (p. 200). Stresemann 
(verbal communication) has given me another example of this, 
Java, Sumatra, and their oudying small islands were all isolated 
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from t 3 ie mainland and from eadb odier at approximately dbe 
same time in the quite recent geological past. While numerous 
distinct bird subspecies exist on die small islands, the corresponding 
forms of the large islands show no or much less divergence from 
die mainland types. Here the accidental type of diange most be 
decisive, since mere size of area should not inhibit adaptive 
change. 

An important problem is raised by die empirical fact that 
some species or genera show greater geographical vamtion 
than others. That eidiibited by Ltmius ludovicianus, for instance, is 
characterized by Miller as “only moderate”. Miller and M<^abe 
(1935) have studied diis question in the Lincoln sparrow {Pas^ella 
Uncolnii), which shows much less geographical differentiijition 
than its close relative the song-sparrow (P. melodia) and\ the 
fox-sparrow (P. iliaca). It has only three subspecies as against 
over fifteen in the same area for each of the other species. 

Miller and McCabe reach the interesting conclusion, which 
might have been deduced by the selectionist on theoretical 
grounds, that this is not due to a lack of inherent variability in 
the more uniform species. Its actual variability is in point of fact 
quite high; but the variations have not been sifted out into 
markedly diilcrent combinations by selection. Miller and McCabe 
ascribe the difference chiefly to a difference in what mtist be 
called temperament, P. Uncolnii tending to remain confined to 
a narrow ecological niche, while the other two species are 
“adventurous” in relation to range and habitat expansion; in 
addition, P. Uncolnii is more migratory. 

In general, ducks show comparatively litde subspeciation. This 
is correlated with a high “activity-range”, as Timofeff-Ressovsky 
(1940) styles the area within which individuals of a single genera- 
tion may move. For instance, common teal {Nettion crecca) bred 
in England were recovered next year as far west as Iceland, as 
far east as the Urals (Timofreff-Ressovsky, l.c., p. 112). This 
spedes has only two subspecies, one holarctic, the other nearctic. 
The name “abmigration” has been given by A. L. Thomson 
(1923) to describe northward departure in spring, for a new 
summer area, on the part of birds whidi have made no ccare- 
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spouding southward journey in the previous autxunn. Abmigration 
is found in other ducks beside the teal, such as mallard (Anas 
platyrhyncha)^ tufted duck (Nyrocaftiligula), and shclduck (Tadoma 
tadama). A high activity-range must clearly be, in part, a corollary 
of this habit of abmigration. 

Rensch (i933<*) has approached the problem on broader lines 
t han Miller and McCabe. Taking Hartert*s standard work on 
palaearctic birds (1903-22) as source, he has tabulated the ratio 
of monotypic to polytypic species {i.e. those without and with 
geographical subspeciadon), and also the number of subspecies 


Type of animal 

Per cent 
monotypic of 
total no. of 
species 

Number of 
subspecies per 
polytypic 
species* 

I. Large birds 

54*5 

n 

2. Small birds, m^atory 

39-9 

3-2 

3. Small birds, non-migratory . . 

29-6 

n 

4« Bats 

Sz’S 

2-6 

5. Insectivores 

71 -9 

3-5 


* The number of subspecies refers to the palaearctic area only. Some of the 
polytypic species arc polytypic when their whole range is considered, but have 
only one subspecies within the palaearctic. 


per polytypic species, in groups which differ in habit. He took 
(i) large birds, with consequently a greater mobility, and in 
general also a smaller population-size per given area (five famihes 
— ^herons, storks, ibises, bustards, and cranes — ^with forty-four 
species); (2) migratory small birds (nine famihes, including 
shrikes, warblers, thrushes, swallows, flycatchers, and wagt^, 
widi 288 species) ; and (3) non-migratory small birds (six famihes 
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— crows, tree-creepers, nuthatches, tits, wrens, and woodpeckers 
— ^with 115 species). He applied the same me&od to flying versus 
related nonrflying mammals (bats and insectivores, from G. S. 
Miller {1912, 1924). Hie resiflts are striking (p. 239). Schaefer 
(1935) shows that the distribution areas of races arc much smaller 
in small mammals than in birds. (Sec also p. 176.) 

Similarly Stonor (1938) has shown that in Birds of Paradise, 
the excessive development of display plumes has resulted in an 
unusually high degree of geographical speciadon, by resmcting 

FREQUENCY OF DIFFERENT TYEBS OF SPECIES IN HABITATS AFFORDMG 
DIFFERENT TYPES OF RANGE. (AFTER MAYR, I940) \ 



the power of flight and rendering the birds more sedentary. On 
the other hand, the very mobile ducks {Ancitidae), as we have 
just seen (p. 238), with few exceptions show no subspcciation. 
The same is true for other active birds such as snipe {Gallinago, 
etc.) and for the very large and mobile whalebone whales (Dis- 
covery Committee, 1937). Again, degree of subspcciation is 
inversely correlated with powers of dispersal in the rabbits 
(Orr, 1940). 

Mayr (1940) has made similar tabulatkais, but in this case in 
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relation^ not to peculiarities of mode of life» but to the geo- 
graphical features of the environment (see Table, above). 

In the continental area of Manchuria, where almost sJl specific 
ranges are continuous, polytypic species are in the great majority., 
The internal differentiation of subspecies, however, is not carried 
very far, doubtless because of the number of intergrading as 
opposed to isolated subspecies, so that species with markedly 
differentiated subspecies are only half as numerous as those with 
slight subspecific differentiation, and superspecies arc very rarely 
produced. Of monotypic species, diose with restricted range arc 
very rare. 

On the other hand, where an old tropical archipelago provides 
the extreme of geographical discontinuity, as in the Solomon 
Islands, the category of superspecies is the most abundant, and 
monotypic species are not only more abundant than in Man- 
churia, but it is those with extended ranges which now are 
rare. The promotion of differentiation through isolation is shown 
not only by the frequency of superspecies (pp. 179 n., 407), but by 
polytypic species more often showing marked than slight sub- 
specific differentiation. Once a superspedes has differentiated into 
an Artenkreis (p. 179), its constituent forms will come to overlap, 
and will be listed in one or other of the stages of a tabulation 
such as Mayr’s. 

New Guinea, where islands and mountains introduce a con- 
siderable degree of range-discontinuity, provides an intermediate 
picture. The only exception is the slight excess of markedly 
polytypic species over that seen in Manchuria: however, in the 
ratio between markedly and feebly differentiated polytypic 
species. New Guinea preserves its intermediacy. 

Such work is an important contribution to the as yet embryonic 
sdence of Comparative Systematics, which is undoubtedly 
destined to yield results of the greatest importance for general 
biology. 

The same type of condusion, though not expressed in numerical 
terms, has been arrived at for the fish of American rivers (Thomp- 
son, 1931). Large, strongly-swimming and actively migratory 
species of fish show great uniformity of character. Smaller fish 
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show modi greater divert when populations &om di£bxnt 
localities are compared, and ^ differences ate greater when such 
species are restricted to small head-water streams than when they 
occur in streams of all sizes. Ihe difierentiation is not gr^ed 
along the course of die rivers, but is random, presumably a result 
of the Sewall Wright “drift” eflfect. 

Although, as we have said, the most ftequent mode of geo- 
graphical differaitiation is broadly adaptive, there are many cases 
in which apparendy non-adaptive di^rentiation has occurred, 
either predominandy or superposed on a general adaptive diver- 
gence, or as a correlate of invisible physiological adaptatipn. 

The diversification of the Hawaiian land-snails and probably 
that of the Galapagos ground-finches appears to be largely 
“accidental” in the biological sense. The colour polymor^sm 
of various Peromyscus races (p. 189) shows diat colour in these 
forms is not always of direct selective value. The markings of the 
local species (or subspecies) Buarretnon inomatus (p. 199) appear 
to be non-adaptive, and in any case show no intergradation with 
the normal type. 

There are quite a number of cases in which subspecies of a 
Rassenkreis, or geographical species of an Artenkreis, show sharply 
contrasted colour-distinctions which are apparendy non-adaptive 
and mutational. For instance, the northern and southern hidian 
robins {Thatnnobia), which do not appear to interbreed in their 
zone* of overlap, are sharply distinguished by the colour (brown 
versus black) of the back of the males (Dewar and Finn, 1909, 
p. 378). Chapman (1927) and Stresemann (1923-6) give odicr 
examples. Spatial isolation, we may say, permits a varying 
degree of accidental divergence to be superposed on the complex 
geographical grid of broadly adaptive character-gradients. 

A number of difterent eftects are all illustrated by the fauna of 
the Galapagos (Swarth, 1931, 1934; Lowe, 1936J. Here, the 
mocking-birds {Mimidae) and ground-finches {Geospizidae) illus- 
trate the extreme of mere isolational divergence, while in the 
latter the release from competition has permitted what can only be 
described as an abnormal variability and multipHcity of forms 
(p. 326). The land-tortoises also illustrate isolational divergence. 
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while theit gj^antism is ecological, an evolutionary respond to 
island ]i& and its absence of predators and competitors, as is the 
flighdessness of the Galapagos cormorant and t^ genetic tame- 
ness of almost all the endemic birds. The flighdessness of so many 
insect inhabitants of oceanic islands is similarly an example of 
ecological differentiation, after divergence was made possible in 
the ^t instance by isolation; but the type of differentiation is 
here more direcdy in relation to the physic j than to the biological 
environment, winglessness in insects constituting an adaptation 
to prevent being blown out to sea. 

Thus while geographical divergence always depends for its 
initiation on spatial isolation, it may subsequendy be linked in 
varying degrees with ecological divergence of an adaptive nature, 
and also, in small populations, with non-adaptive divergence due 
to the genetic accident of “drift”. 

6. RANGE-CHANGES SUBSEQUENT TO GEOGRAPHICAL 
DIFEERENTTATION 

As geographical chaises may isolate groups and thus permit them 
to diverge, so, after a certain degree of divergence, further 
geographical changes may permit the differentiated groups to 
meet again. (We are using the term geographical in the broadest 
sense, to denote climatic changes as well as elevation and subsi- 
dence or physiographic alterations.) 

This phenomenon appears to have had very widespread effects 
upon existing forms, as we should expect from the rapid 
changes of climate and of sea-level that have occurred since 
the beginning of the Pleistocene, and still more those which have 
taken place since the end of the last glacial period, some 20,000 
years 1^0. Some of its results are at fint sight very surprising. In 
what follows, we shall consider not only eco^t^raphical 
divergents, but also those produced in relation to regional ecolo- 
gical (ecoclinutic) differentiation, since the effects of subsequent 
miration are essentially similar in both. 

hr the first place, range-changes may bring together end- 
members of a ebain of sul»pecies. A striking example of this, 
dted by Rensch (1928, i933<i), concerns the great tit {Pams 
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nugor). There are three main groups of subspecies of this large 
Rassenkreis, extending from west to east across die Old World 
— the major group in Europe and Western Asia, the bokharensis 
group from Persia to Malaya, and the minor group from China 
to Japan: each is well characterized, but the central bokharensis 
type intergrades with bodi its neighbours along broad marginal 
zones at either end of its range. 

However, the western or major group also extends far to the 
eastwards, along a strip north of the areas of the other two 
groups and quite separated from the bokharensis group by | desert 
and mountain regions, and finally overlaps with the area pf the 
minor group near its northern boundary in the Amur r^ion. 
This eastward extension doubdess is secondary and has^nly 
become possible through the amelioration of climate sincp the 
end of the last Ice Age. However, where the major and minor 
groups meet, they do not interbreed, but live side by side as 
perfeedy distinct “species”. Nothing could better illustrate the 
rdativity of the terms species and subspecies. Rensch also points 
out that the end forms of a chain of subspecies may be much less 
alike than good species living side by side. 

Again, Larus argentatus (Stegmann, I934; Schweppenburg, 
1938) forms a circumpolar chain of subspecies. But the herring- 
gull (L. argentatus sensu stricto) now lives in W. Europe as a “good” 
species side by side with the lesser black-backed gull (“L. Juscus”) 
thot^h occasionally interbreeding. The two differ markedly in 
temperament as well as appearance (Richter, 1938). 

An equally good case is that of the buck-eye butterfly of 
America, Junonid lavinia (Forbes, 1928, 1931). This species shows 
marked geographical subspeciation. There are three main 
groups of forms — ^North American, Central American (including 
a nordiem strip of South America), and South American. These 
intergrade at ^ir boundaries. However, the island of Cuba is 
inhabited by two types between which intergradation does not 
occur, and which do not appear to interbreed. Among several 
other distinctions, these diflfer in the presence or absence of a red 
sefnidrde roimd the upper “eye-spot” of the hind-wing, a 
character diagnostic of aU the North American group of forms. 
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Apparently die island has been colonized from die north by the 
North American group, and from the south by the C^tral 
American group (by two subspecies, which do intergrade with 
each other on Cuba). Thus members of die two groups remain 
as separate species in Cuba, while Li northern Mexico ^y inter- 
breed. Here the distribution is in the form of a chain bent round 
into a circle : in the centre of the chain the two types intergrade, 
but the two ends have differentiated far enough to become 
biologically discontinuous. Other similar examples are given by 
Rcnsch (1929). Similarly the warbler “species” Phylloscopus 
plumbeitarsus and P. viridanus are the overlapping but non-inter- 
breeding end-forms of an intergrading chain (Ticehurst, 1938). 

These examples also illuminate numerous cases from Central 
Europe, which on first inspection appear very puzzlit^, where 
extremely similar species live side by side in die same area. The 
most striking case is that of the two species of tree-creeper, 
Certhia familiaris and C. brachydactyla. The latter kas a longer 
beak, a shorter but more bent hind daw, and is rather darker. 
There are also differences in the colour of the eggs. The two 
forms are so alike that their disdnemess was for long disputed. 
However, they appear to behave definitely as two separate 
spedes, and not to interbreed, in spite of much individual variation 
(Hartert, 1903-35). C. brachydactyla appears to be more plastic, 
judging from the degree of subspedation. 

C. familiaris (which alone is found in Britain) is a more northom 
and mountain form, while C. brachydactyla has a more southerly 
distribution; but the two overlap over a large part of their range. 
The more’ northerly form alone exists in North America. This 
occurs also with the marsh and willow tits (p. 270), and it may 
prove that diese too owe their separate diflferentiation and later 
overlap to the same causes (see below, p. 246), though thrir 
overlap region is more extensive. 

It is of interest that elsew'here one of the two species of tree- 
creepers just mentioned shows an indpient stage of the same 
phenomenon. Dementiev (1938) mentions that Certhia familiaris 
in Persia and neighbourit^ areas exists as a well-marked sub- 
species, C. f persica, while to the north the type subspecies is 
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found. In the region of die Caucasus, however, the two sub- 
species have re-met, presumably after some degree of glacial 
isolation, with consequent intcraossing and great variability. 

Similarly, we have the true nightingale {Lusdnia megarhyncha) 
and the northern nightingale or sprosscr (L. lusdnia). Althoi^h 
these will cross if kept together in captivity, they remain perfeedy 
distinct in the region between the Vistula and the Oder where 
they overlap. The yellow-bellied and red-beDied spedcs of the 
fire-bellied toad Bomhina {Bomhinator) behave in a similar way, 
and so do the two dosdy-allied land-snails, Clausilia du^a and 
C. bidentata. I 

The explanation of all such cases appears to be simple. In the 
last Ice Age the extensions of die northern ice-sheet of the Alpine 
gladers isolated many spedes into a western or southern artfl an 
eastern or north-eastern group. The exact type of separation 
would have been different for difierent spedes. This permitted 
cco^ographical divergence in adaptation to a mild or oceanic 
and a severe or continental clitnate respectively. Divergence pro- 
ceeded so far that when later the ice receded and the two forms 
were able to extend their range so as to meet, they did not breed 
together. Doubtless this failure to cross depends mainly on 
psychological barriers; the two species of tree-creeper and of 
nightingale have distinctive notes. Further, the two nightingales 
win mate if kept’ together in captivity: none the less, they do not 
in actual fact mate in nature and must therefore be regarded as 
“good” though very closely-rehted species (see also p. 254). 

Probably the common and mountain hare {Lepus europaeus 
and L. timidus) differentiated in a similar way after glacial isolation 
and were afterwards able to colonize the same areas. In this case, 
however, the two species are separated ecologically, even where 
they overlap geographically, the mountain hare, as its name 
implies, being an upland animal as contrasted with the lowland 
common hare. A fact which throws an interesting light on 
regional restrictions of an ecological nature is that in Ireland, 
which was isolated as an island before the common hare could 
teach it, the mountain hare is found in the lowlands as wdl as 
the uplands. Habitat may thus be as much a matter of competitum 
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as of dose phydological adaptation. However, the Irish form has 
dif&rentiated into a distinct subspecies, which may perhaps have 
been adapted to take advantage of the habitat left open by the 
absence of its competitor. 

The past difterentiation and present distribution of the very 
distinct northern and southern forms of the watjer-beedes 
Deronectes and Gyrinus (see Omer-Cooper, 1931) appears to be 
due to the same cause. These both occur separate in certain parts 
of their ranges, but intergrade in central Britain. It is interesting 
that on the continent the two types of Gyrinus occur together 
without intergradadon, as if difierendadon had here proceeded 
further, to full spedadon. 

Other interesting examples come from monkeys of the African 
rain-forest. According to Sdbwarz (1928, 1929), groups were 
here isolated by the large inland lake that previously filled the 
Congo basin. When this disappeared, they were able to meet 
after previous differendadon. One small area of overlap occurs 
between two markedly distinct types of Mona monkeys in the 
Cameroons, and two similar overlap areas, one of moderate and 
one of large size, between, two wcll-differendated types of 
Colobus monkey, each with several subspecies, in the Lower 
Congo and in the forest region between Ruwenzori and the 
Congo river. Schwarz puts all the Mona monkeys into the one 
species Cercopithecus mona, and all the forms of Colobus into one 
spedes, Colobus polykomas; but since no intermediates or hybrids 
have been found in these areas of overlap, it seems dear that we 
should consider the differendadon to be of specific rank in both 
cases. It is fair to state that some authorides do not agree with 
Schwarz’s taxonomic groupings. 

Doubtless with the progress of faunisdc work, many similar 
examples will come to light. 

But, clearly, differendadon need not always have gone so fat 
as to {vevent the two divergent forms from interbreeding when 
they meet again. This, it appears, is what has happened in Europe 
with the subspedes of the long-tailed dt, Aegitheios caudatus, and 
the bullfinch, Pyrrhula pyrrhula. 

As regards die bullfinch, Stresemann (1919) d i sring u ish es a 
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northern and eastern form, P. p. pyrrhula, from west Siberia, 
northern Russia and Scandinavia, and a southern and western 
form, P. p. minor, from north Italy and western Europe, including 
western Germany. In addition, there is the buUfmch population 
of central Germany and the north of the Alps. This appears to 
intergrade with both the other forms, and shows an unusually 
wide range of variation in siac. Stresemann considers it as the 
product of mixture between the other two subspecies, over a 
broad area into which they have re-immigrated after isolated 
differentiation.* I 

The longtailed tits, Aegithalos caudatus, show similar behaviour. 
On the continent of Europe and Asia there is a northern and 
north-eastern subspecies, A. c. caudatus, with white hea^, and a 
southern and western subspecies. A. c. europaeus, with daqc head- 
markings. Stresemann (1919) and Jouard (1929) have studied 
these forms. There is a broad zone in west central Europe where 
excessive variabiUty occurs, apparently due to intercrossing of the 
two types on meeting. -j- 

Stresemann also considers the chne between the eastern and 
western European nuthatches (p. 219) to owe its origin to cross- 
ing of differentiated types, while other authorities Consider that 
it differentiated, in direct relation with an environmental gradient, 
within a continuous population. A. H. Miller (1938, 1939) finds 
that various “subspecies” of birds of the genus Junco are the 
product of fusion between two or more subspecies which have 
met after preliminary differentiation; subspecific hybridization 
may here ^o produce striking recombinations, and small stable 
populations of new type (sec also p. 291). 

In these cases, the differences between the two groups are not 
very great. In the crows, however (Meise, 1928), the differences 

* It should be noted, however, that Hartert (1903-35, suppl. vol., p. 53) assigns 
the mixed fonn entirely to P. p. minor. This may make for systematic convenience* 
but the geographical distribution suggests that Stresemann’s view is in principle 
correct. 

f Again it is to be noted that Kleinschmidt (1929) disagrees with this con- 
clusion, and considers that the species as a whole is very variable and that the 
mixed race does not show abnormal variability. This only shows how hard it 
is to arrive at final decisions except in clear-cut cases such as the crows and 
flickers (see below). 
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are- Striking, die carrion crow. Corpus c. corone, being entirely 
black, whik die hoodie crow, C. c. comix, has a light grey mande. 

So distinct are they at first sight that many ornithologists (e.g. 
Hartert, 1903-35, suppl. vol., p. 6) still prefer to regard them as 
full species. It should be noted that if they are to be regarded as 
subspecies, then we must introduce a still further category, since 
of them shows 'definite geographical differentiation into 
“regional races”. According to Meise, they exhibit no essential 
differences in behaviour, voice, or ecological preferences, and 
should therefore be better regarded as subspecies. In any case, 
where their breeding ranges overlap, they interbreed, and the 
hybrid population shows what appear undoubtedly to be the 
results of mcndelian recombination, the offspring of a single 
pair often differing a great deal in regard to the amounts and 
distribution of black and grey. The geographical distribution of 
the two forms is at first sight curious, with three zones of inter- 
breeding, as defined by field observation in the breeding season 
of birds of obviously mixed origin: one of these runs across 
central Scotland; a second from near Genoa, along the south side 
of the Alps, and then passing northwards to reach the Baltic in 
eastern Sdileswig-Holstein; and a third in Asia from near the 
mouth of the Yenisei, southwards to the Altai, then south-west 
and west towards the Aral Sea. The total length of these zones 
is over 5,000 km. and their average width quite narrow, from 
75 to 150 km. (Meise considers that the breadth would prove 
to be considerably greater if an intensive study of skins were to 
replace field observation.) These zones, it appears, can shift their 
position; see pp. 188, 209. 

Since these crows appear to be ecologically dependent on the 
presence of trees, it appears quite reasonable to suppose that 
during the last glacial period the crow population of the Eurasiatic 
land-mass was segregated into three discontinuous groups, one 
in the south-west of Europe, a second in southern and south- 
eastern Europe and the Near East, perhaps as far as the Caspian, 
and a third probably in eastern Siberia. If we assume that die 
Central group evolved the hoodie pattern, the spread of the three 
groups subsequent to the retreat of the ice could perfeedy well 
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bring them into contact as indicated by the present mixed zones. 
The hoodie’s colonization of northern Scotland from Scandinavia 
and of Ireland from northern Scotland, fits in with other eco^o- 
graphical facts (cf. the distribution of the mountain hare :p. 246).* 

An almost more striking example comes from North America, 
and concerns the eastern and western species of the woodpeckers 
known as flickers, Colaptes auratus and C. C(^er (Allen, discussed 
by Bateson, 1913). These are by most authorities regarded as 
good species and both exhibit distinct geographic subspecies, 
C. auratus ranges over most of the continent east of the Rockies, 
and in the north extends westwards to Alaska. C. cc^ek is from 
the Pacific coast. Between the regions in which they am found 
almost pure is a band, 1,200-1,300 miles in length and^t least 
300-400 in width, where the majority of specimens \exhibit 
characters from both species in various combinations. Some of 
the characters in question are striking: for instance, quills yellow 
versus red (in every case the character of C. auratus is put first); 
male “moustache” black versus red; female “moustache” absent 
versus brown; nape-patch scarlet versus absent; throat brown 
versus grey; top of head grey versus brown. 

The characters of the “mixed” birds, as Bateson "very clearly 
points out, are only explicable on the hypothesis of crossuig 
followed by the recombination of a number of independent 
genes. Even birds from the same nest may show marked rccom- 
binatory variation (as with human families). 

It seems clear that the two species originally diverged at a 
period when the glaciated Rockies provided a complete barrier 
between them. With the regression of the ice, the two types 
could meet along the zone of the Rockies, and C. auratus could 
extend northward and westward in Canada until there' too it 
met C. cafer. The meeting is secondary to the divergence, and the 
intergradation and interbreeding have not always existed, as 
seems to be the case with many subspecies of wide-ranging forms 
like Peromystus (see also p. 291). 

* Mcise (op. cit.) believes that the black (carrion crow) type is the latcr- 
cvolvcd. His reasons, however, arc of no genetic or evolutionary validity, and 
his conclusion would imply the independent evolution of the black type in one 
American and two separate Eurasiatic areas, which is most unlikely. 
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Later work ^avemer, I 934 > Rod verbal information firom 
A. R Miller) indicates that sporadic “mixed” birds are found 
over a much wider range than earlier supposed. Taverner beUeves 
that oiratus is more “aggressive” and that its characters are 
spreading westwards faster than those of cajer eastwards. 

Another North American example concerns the two warblers 
Vemivora pinus and V. chrysoptera. These are sharply distin- 
guished by their markings; the former is a southern, the latter 
a northern form. These show a mixed zone of interbreeding at 
the junction of the ranges from northern New Jersey to the 
Connecticut Valley, and casually to eastern Massachusetts: here 
a wide range of segregants occurs. It is interesting to note that 
intergrading and segregation also occur in regard to the songs 
of the two forms. (Chapman, 1924; Bateson, 1913.) Here the 
history of the two forms and the reason for their initial separation 
is not so clear (see also p. 254). 

Chapman, though stating that no ornithologist would question 
the specific distinctness of the two warblers and the two flickers, 
points out that in notes and habits the flickers are very much, 
the warblers fairly alike — ^i.e. no or slight psychological barriers 
to mating have been developed. This is in contrast to the eastern 
and western meadowlarks Sturnella tnagna and S. neglecta. Here 
diflerentiation has given rise to quite unlike calls and songs, and 
where the two overlap after coming together again subsequent 
to the Ice Age, they do not form a zone of general mixture, 
tliough occasional intermediates, apparently due to sporadic 
hybridizing, do occur. 

Another clear-cut case is that of the grackles {Quiscalus) in 
eastern North America (sec Chapman, 1936, 1939, 194°). 
Chapman now regards all the forms as subspecies of one 
species, Q. quiscula. Apparendy two populations were isolated 
during die glacial period, Q. q. aeneus in south-eastern Texas 
and Q. q. quiscula in southern Florida. The latter, in its post- 
glacial spread to the north and west, has differentiated into a 
further subspecies, Q. q. stomi. The western form appears to have 
extended its range more rapidly, now being found in the northern 
New England seaboard. It has met and hybridized with Q. q. 
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stonei over a long belt extending from western Louisiana north- 
eastwards to Cape Cod, a distance of some 1,500 miles. The 
intermixture is similar to that of the ilicken, except that the two* 
parent forms arc not differentiated by such sharply contrasted 
single characters, so that the hybrids present a more regular and 
finely-graded series of intermediates. The hybrid population has 
been christened Q. q. ridgwayi. An interesting feature is diat the 
widtli of the interbreeding zone increases steadily from about 
forty miles in the south-west to almost two hundrcd miles in the 
north-cast. This, it may be suggested, is a time effect. Tli|; hybrids 
may be presumed to be at a slight selective disadvantage as com- 
pared with the pure parent forms, wliich would lead to a restric- 
tion of the hybrid zone. But die two types must have met carhest 
in the south-west, so that selection lias not operated for !^o long 
in the north-east (see p. 287). A curious minor point is that at 
the eastern end of Long Island, the great range of hybrid variation 
is absent, and 90 per cent of the population arc sharply intcr- 
iiicdiate. (For chickadees, see p. 1 80.) 

The red-tailed hawks [Buteo borealis) of N. America (Taverner, 
1927) present an amazingly complex picture. Two mam sub- 
species exist, in the east and die west respectively, the latter 
dipimic and also very variable. Both show wliat Taverner con- 
siders incipient geographical differentiation in certain regions. 
In the north-west, presumably by post-glacial rangc-cliange, 
both the major and both the minor types liavc come to overlap 
and interbreed, giving profuse recombination. Finally the bird’s 
nomadic habits appear to disseminate individuals far from dieir 
original home (sec p. 355). The species would repay exhaustive 
investigation. 

Dementiev (1938) gives numerous examples from eastern 
palacarctic birds, hi the shrike Lanius lollurio in particular, dicrc 
exists a large region peopled by hybrids between L. r. collurio 
and L. c. phoenicuroides. 

Stuart Baker (1930) gives similar examples in pheasants. 
Bateson (1913, p. 160) cites further examples m birds and butter- 
flies, namely die zones of hybridization between two distinct 
species of roller {Coracias) in India, anti between two very distinct 
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spedes of \dutc admiral (JJmenitis or Basilarchia) along the quite 
narrow line of junction of dieir ranges. 

In mammals similar phenomena occur in the hartebeest ante- 
lopes (Alcelaphus) in the rift valley region. Ruxton and Schwarz 
(1929) give graphs which show that the hybrid forms exhibit 
bimodal frequency curves, as would be expected, for certain 
characters. Banks (1929) gives facts which support the idea of 
hybridization among certain monkey species in Borneo. Here the 
diflerent forms are separated aldtudinally. 

In a considerable area of the north-central U.S.A. (Sweadner, 
1937), the whole population of the moth Platysamia appears to 
have been produced by hybridization between two distinct 
species, which again have met owing to post-glacial range- 
extensions after differentiating during the glacial period. The 
area here is a triangtilar one, expanding towards the north. The 
characters of the hybrid population appear to be graded: if so, 
we should then have a genocUne, dependent on a balance between 
two opposed streams of gene-flow. 

Dr. A. P. Blair (1941^) has investigated similar though more 
complex phenomena in the toads Bufo fowleri and B. woodhousi 
in the U.S.A. 

A case from butterflies that seems very similar to the flickers 
is that of Aricia a. agestis and A. a. artaxerxes. After tlie Ice Age, 
the two must have met along the coast of Northumberland and 
Durham. Here marked segregation occurs, giving striking 
recombinations along a rough genocline (Harrison and Carter, 
1924). It is uncertain where the two subspecies originally differ- 
entiated. Harrison and Carter suggest Ireland for artaxerxes, but there 
is no evidence for its occurrence there to-day (Donovan, 1936). 

A somewhat different phenomenon is recorded by Carothen 
(1941) for two species of North American grasshopper, Trime- 
tropis citrina, a form from sandy river banks, and T. maritima 
from coastal sands. Both of these are remarkably constant in 
their characters. An intermediate and very variable form 1 ^ 
been described from the north shore of Lakes Erie and Ontario, 
an area separated from the range of either pure species. Carotheis 
has now synthesized all known variants of this in the F2 and 
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backcrosses from crosses between the two pure species. It may 
be hazarded that the Great Lakes form has been produced by 
hybridization, but at some earlier date when conditions were 
different and permitted the two pure species to meet and cross 
in this locality. When conditions changed, the hybrid form must 
have been able to maintain itself in this locality, while the others 
were compelled to retreat. This, however, is purely speculative, 
and further investigation of this peculiar case is desirable. 

Lack (19406) has an interesting discussion of the role of habitat- 
preference in spcciation, which, in addition to its intrinsic interest, 
has a bearing on some of the problems we have just been dis- 
cussing. The origin of a marked difference in habitat-prefeWnce 
must be, in his opinion, due to historical accidcnt~-c.g. through 
a group of a woodland species being isolated in a region Vifo 
only one particular sort of woodland available, and its behavibur 
then becoming gradually adapted to this type of habitat. He 
comes to the conclusion that habitat-preferences arc not of signi- 
ficance in originating the isolation leading to speciation, but that, 
once evolved, they may play a part (together with mating 
reactions) in maintaining the distinctness of forms which have 
re-met after differentiation. 

Thus the nightingale and sprosser (p. 246) not only ^ffer in 
their songs, but frequent quite different habitats, dry and very 
damp woodland respectively. These behave as “good species"’; 
but in the case of the bullfinches and the longtailed tits (p. 248) 
the habitat-prefercnccs of the two groups have remained similar, 
and they have therefore remained as subspecies, and interbreed 
where they have come to overlap. 

The North American warblers of the genus Vermii^ora (p. 251) 
intercross regularly where they overlap, in spite of considerable 
differences in plumage and song. Their habitat-preferences isolate 
them partially, V. chrysoptera preferring higher slopes, but they 
overlap considerably. If their habitat-preferences had differentiated 
somewhat further, they would not have had the opportunity of 
intercrossing. W? shall meet with similar cases in mammals 
(see pp. 271, 283-4). 

Differentiated forms may come to occupy the same area not 
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only by die process described on pp. 243 seq. but by imm^ration 
at diflferent times. This “double invasion” (Mayr, 1940) is com- 
monest on oceanic islands. However, the weasels {Mustek) 
probably carried out a “double invasion” of S. America (E. R. 
Hall, 1939); and the case of Pams major (p. 243) is similar. If 
sufficient differentiation has occurred between the waves of 
immigration, the forms will behave as “good species’ ’, hike the two 
chaffinches on Teneriffe, Fringilla coelebs canariensis and F. teydea,* 
OT the three species of white-eye {Zosterops) on Norfolk Island, if, 
on the other hand, differentiation has been slight, the phenomenon 
will not be noticed, as the new immigrants will blend with the 
old. If it has been of moderate extent, obvious hybrid populations 
will result, as in a species of brush turkey, Megapodius (Mayr, 
1931-40, No. 39). 

It is interesting that in certain cases the zones of interbreeding, 
notably in the crovirs, are so narrow and apparendy so stable in 
position. That of the dickers, on the other hand, is much wider 
and its width is quite possibly still increasing. It is dear that a 
theoretical analysis of the genetical problems arising from the 
meeting of two distinct types capable of free interbreeding would 
be of great interest. 

In general, we should expect that the development of regionally 
stabilized gene-complexes, together with the effects of isolation 
in accumulating differences impairing fertility or viability 
(p. 360; Muller, 1940), would account for the restriction of the 
zones of recombination. The greater the impairment of fertility 
or viability suffered by the hybrids, the narrower and sharper 
will be the intergrading zone. 

According to an interesting verbal communication from Mr. J. 
Dunbar of Spynie, Morayshire, fifty years ago all the breeding 
crows near Elgin were hoodies. Soon after this he remembers the 
first nesting of the carrion crow in the district. To-day the 
breeding birds are all carrion crows, implying that the zone of 
interbreeding has moved north-westwards. If so, this would 

* These two foniis arc of further interest, since both, in correlation with the 
oceanic climate, show similar colour-changes, the later immigrant (the subspecies 
of F. coelebs) to a lesser degree than the earlier, which has had time to achieve full 
s|>cciation (sec Meincrtahagcn, 1921). 
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indicate, first that the carrion crow in Scotland enjoys a slight 
selective advantage as a breeding species over the hoodie, and 
secondly that these zones of hybridization, as suggested for the 
genetic^y similar zones of intergradation between contiguous 
subspecies, may alter their position without losing their sharpness. 

A curious case is provided by the sparrows (Meise, 1936; 
verbal information from the late F. C. R. Jourdain). Without 
going into detail, we may say that in Spain the house-sparrow 
{Passer domesticus) and the related P. hispaniolensis exist as well- 
defined and well-localized species, the former near hitman 
habitation, the latter in open country. On the other hanid, in 
North Africa and also in parts of the Near East the two arc round 
together, interbreed, and produce every kind of intermediate 
over considerable areas. The plausible suggestion has been n\adc 
by Klcinschmidt that P. hispaniolensis is an original inhabi^t 
of the countryside in Spain, while P. domesticus is a later immigrant 
and, being more of a parasite of man, has there remained more 
urban. In Africa and the Near East, on the other hand, he suggests 
that both arrived more or less simultaneously and began to cross 
at once, before ecological segregation occurred, and that the 
mixed types show no sharp habitat-preferences. In any event We 
have the interesting phenomenon of two good specie? differ- 
entiated in different regions but intercrossing freely when brought 
together by circumstances (sec p. 258). 

The two common species of rat provide interesting examples 
not only of migration after initial differentiation but of further 
differentiation consequent on migration. A useful summary is 
given by Hinton (1920). The black rat {Rattus rattus) was origin- 
ally a more or less tree-living animal, yellowish or reddish- 
brown above and white below, from India, Burma, and neigh- 
bouring regions. The brown rat (R. norvegicus), on the other 
hand, had its original home in Asia north of the great mountain- 
chains, and is typically grey or brown above, with a silvery-grey 
belly. The two may be regarded as having originally been 
differentiated as mutually-replacing species of a geographical 
subgenus (Artenkreis). 

To-day the black rat is found in three main varieties or siib- 
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species: die roof rat, wliich is the typical original form, character- 
istic of India and die Western Mediterranean; the Alexandrine 
rat, a darker form, with brownish-grey back and dingy belly, 
cliaractcristic of Asia Minor, North Africa, and certain Indian 
provinces; and the true black rat, characteristic of cold-temperate 
Europe, with black back and smoky-grey belly. A black variety 
of R. noruegicus is also known, this too from Western Europe. 

Commerce and navigation have carried both species all over 
die world. The black rat was probably not introduced into 
Western Europe until the Crusades, the brown rat certainly not 
until the eighteenth century. The competition between the two 
types is complex, the brown rat being more vigorous but more 
dependent on water, while the black rat is favoured by warmth 
and by environments where climbing is needed. Thus the latter 
remains the dominant species in countries hke India, and ako 
on shipboard, but the brown rat has almost completely ousicd 
it from temperate countries. However, of recent years the black 
rat is obtaining a foothold in temperate ports, where it obtains 
access from ships and where modern tall buildings put a premium 
on climbing abiUty, wliilc also discouraging die brown rat. 

Perhaps the most interesting fact concerns the development of 
the colour varieties. It seems clear that in the rats (which thus 
constitute an exception to Gloger’s rule), lower temperatures and 
indoor Hfe both favour darker coloration, and diat the Alexan- 
drine rat differentiated from the original R. rattus in moderately 
cool regions, the true black rat in still cooler climates. The full 
black form appears to have dificrentiated in Western Europe by 
1530 — i.c. in less than five hundred years from its first intro- 
duction. Once differentiated, the three forms (one may perliaps 
call them subspecies, though of a rather unusual type) liavc been 
still furdier disseminated by man, and mixed groups of two or 
of all three types may occur; incndclian segregation may dien 
be found in a single litter. 

Most striking is the fact diat a black variety of die brown rat 
has differentiated within die last two hundred years. First described 
from Ireland in 1837, it has since become commoner and has 
extended its range in Britain. In E. Africa, Rattus {Mastomys) 
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coucha has recently produced black forms, but only in modem 
buildings (Hinton, 1920, p. 4 n., and in verbis). 

Undoubtedly many cases of species-hybridization in planK are 
due to migration bringing differentiated forms together. A good 
example is that of the knapweeds Centaurea jacea and C. nigra in 
Britain (Marsdcn-Jones and Turrill, 1930). The former is a more 
recent immigrant, largely introduced by human agency. In 
various localities extensive crossing has taken place, producing 
segrcgants and back-cross types of all kinds, sometimes to the 
extent that the pure C. jacea type has been eliminated, and only 
its genes remain, in various recombination and degrees of diLtion. 

Turrill (1929; and in Watson and others, 1936) menti^s the 
fact that the deforestation of the Balkan Peninsula by htoan 
agency has not only enabled many non-forest plants to extend 
their range, but has frequently permitted numerous species 'that 
were originally differentiated in separate areas to meet, “and so 
to hybridize with the production of a wealth of new phenotypes 
which arc the bane of the taxonomist but make material for 
natural selection”. 


A wholesale case of crossing after originally separated types had 
been bro^ht together, in this case wholly by human agency. 
IS afforded by the introduced flora of New Zealand. In 'the new 
environment, hybridization has occurred on a considerable scale 
(ct. the sparrows mentioned on p. 256). Here, however, the 
^smon IS complicated by the existence of even more widespread 
hybridization among the indigenous flora (sec p. 355), a fact 
or which It IS difEodt to give.any satisfactory explanation, unless 
It be correlated with low intensity of selection by herbivores. 

Sin^ar ^es in animals, but concerned with subspecies, have 
already been referred to (p. 248). 

Besides extensive rangesdumges of this type which alter the 
Jgree of nolation, contact, or overlap between forms, we have 

Otht? ““ throughout in contaa with each 

(d 20ft) ^ /T discussed these in Peromyscus subspecies 

L! • ’ ^ dependent on vana- 

in population-pressure. Such occurrences arc doubtless 
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widespread and when they occur will reduce the doscncss of 
adaptation between subspecies and habitat. 

Migration and changes of range have unquestionably been 
extensive in periods of rapid climatic change like the recent past, 
and bring many complications into the field of systcmatics. In 
some cases we can deduce what has happened; but in othen we 
must remain imcertain. It is, for instance, theoretically possible 
that many cases which we shall discuss under the head of ecological 
(ecoclimatic and even ecotopic) divergence arc in reality due to 
geographical isolation, followed first by regional adaptive 
differentiation, and later by migration. In any event range-change 
has often been extensive and important, and has contributed to 
systematic diversity both by introducing pairs of species that 
normally do not cross (such as the European tree-creepers or the 
major and minor forms of great tit) to countries where, apart 
from such isolation, differentiation, and reunion, the ecological 
niche would have been filled by one species only, and also by 
allowing differentiated subspecies to cross and so to produce a 
wide range of new segregant recombinations. 

7. THE principles OF GEOGRAPHICAL DIFFERENTIATION 

Out of the accumulation of taxonomic and micro-evolutionary 
data, illustrated by genetic and mathematical theory, certain 
general principles of geographical differentiation are now emerg- 
ing. First, isolation is per se a cause of differentiation (Muller, 
1940). This is due to the nature of the evolutionary process, which 
proceeds by the presentation of numerous small mutative steps, 
and tlic subsequent incorporation of some of them in the consti- 
tution by selection, or in some cases by Scwall Wright’s “drift”. 
The improbability of the mutative steps being identical in two 
isolated groups, even if they be pursuing parallel evolution, is 
enormously high, so that reproductive incompatibihdes will in 
the long run automatically arise between them. If the direction 
of selection differs for the two groups, visible divergence will 
also automatically result, even in the absence of divergence due 
to drift. 
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Secondly, non-adaptive or accidental differentiation may occur 
where isolated groups are small. This “drift”, which we have 
also called the SewaU Wright phenomenon, is perhaps the most 
important of recent taxonomic discoveries. It was deduced 
mathematically from neo-mendelian premises, and has been 
empirically confirmed both in general and in detail (pp. 58,200, etc.). 

Thirdly, and almost equally important, there is the principle 
of stabilized gene-compfexes. R. A. Fisher’s extension of the 
theory of genic balance enables us to deduce that we may expect 
to find, in addition to the complete biological discontpuity 
exhibited by species, a condition of equilibrium which may be 
called partial biological discontinuity. In this condition, which\ will 
occur in populations spread continuously over a large region, 
groups showing relatively uniform characters over a relatively 
large area will be separated by narrow intergrading zones where 
interbreeding occurs. This is the condition actually found in the 
subspecific differentiation of many forms. The existence of partial 
geographical or ecological barriers will promote and accentuate 
this type of subspeciation, but it may occur even in their absence, 
provided that the region concerned is large enough, and that 
there is enough ecological difference between different areas 
within it (p. 208). 

As corollary to this, it becomes clear that geographical sub- 
species are of two biologically distinct types — those that may 
differentiate into full species, and those that, unless geographical 
or climatic conditions alter, will remain as interconnected parts 
of a polytypic species. We may call them independent and dependent 
subspecies respectively. 

A further corollary is that, since the intergrading zone is 
automatically kept narrow by selection, dependent subspecies may 
be maintained in spite of considerable range-changes: the areas 
of the different subspecies may expand or contract, but the sub- 
specific groups will maintain their distinctness and the intergrading 
zones Will remain narrow. 

Fourthly, we have the phenomenon of graded differentiation, 
which may be subsumed under the head of dines. A priori selection- 
ist considerations would suggest that, wherever environmental 
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agencies vary in a graded way, organic variation would be forced 
into a corresponding gradation. The matter, however, is not so 
simple. It is complicated by two facts — ^first, the fact of partial 
biological discontinuity just discussed, and secondly the fact 
of migration and range-change. The fact of partial biological 
discontinuity prevents the realization of a continuous gradation 
of characters running parallel with the environmental gradient, 
and substitutes a staircase or stepped ramp for a uniform slope. 
The mean values for the environmentally correlated characters 
of the treads of the stair — the subspecies — then show gradation, 
and constitute an external or inter-group cline. This type of cline 
has been the subject of the “geographical rules” of Gloger, Allen, 
etc. The gradation within the several subspecies lias been much 
flattened, and in most cases stiU awaits empirical verification; 
when present, it constitutes an internal dine. 

It is important to note that dines for different characters may 
run in different directions. Thus specification by chnes permits 
the construction of a new and more complete picture of variation 
within the species. 

The above statement apphes mainly to animals. In plants, 
broad geographical dines of this type appear to be absent or 
subsidiary, while there is a much greater prevalence of less 
extensive ecoclincs, wliich come into existence by selective 
eUmination from a large range of genetic types adapted to 
different ecological requirements. Tliis distinction seems to be 
due to the more random and broadcast methods of fertilization 
and dispersal found in higher plants (p. 276). 

Range-changes will dearly tend to obscure the regularity of 
graded differentiation. If extensive enough, tliey may obscure it 
altogedier; if moderate, diey will destroy the regularity of 
correspondence between intergroup dines and environmental 
gradients. Where hybridization occurs, it introduces an additional 
source of disturbance. A special type of range-change is die 
cyclical, produced by periodic fluctuadons in population-size. 
These may cause die population to spill over at the margin of 
its area of distribution and then recede again (see Timofeeft- 
Ressovsky, 1940). 
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Rfthly, within the large areal or regional groups of species or 
subspecies, a much greater degree of localized differentiation 
occurs rhan was previously suspected. Where a species is distri- 
buted in isolated colonies, each colony may differ from every 
other, sometimes sufficiently so to deserve the name of micro- 
subspecies. But even where distribution is fairly uniform, a 
surprising degree of local variation is to be found if search is 
made for it, both in visible characters and in the complement 
of invisible recessives carried. Such incipient geographical differ- 
entiation may be more or less stable or permanent, or^ may 
fluctuate luistably with time. When local differentiation is Icom- 
bined with periodic population cycles, peculiar results may occur, 
periods of great variability (during recovery after a population 
minimum) alternating with periods of stabihty, but during ifach 
period of stabihty with the type showing new characten (see 
p. 112 and e.g. Dobzhansky, 1939a). 

It is in this field, of population studies on the gcnctical structure 
of species, that the most valuable results, for evolution as well as 
for taxonomy, may be expected in the near future. 

Postscript. — 1. A further possible cause of geographical 
polymorphism (p. 106) is mutation restricted to an isolated area. 
This is found in Corvus corax varius, the Faeroes subspecies of 
raven (Salomonsen, 1935). This subspecies was dimorphic, a 
partly whitish form existing in addition to the normal black. The 
piebald form was fairly common in the sixteenth to eighteenth 
centuries, but has now become extinct owing to die depredations 
of collectors. Here mutation leading to balanced dimorphism 
seems to have occurred in die Faeroes alone. 

2. Hovanitz (1941) shows diat pigmentary dines in butterflies 
(p. 214) present “astounding regularities”, but differing for 
different pigments. We have (i) melanin pigments in all famUies, 
(2) ground-colour pterins (orange to white) in Pieridae and 
Papilionidae, (3) tawny ground-colours in odicr families. To 
decreased temperature and solar radiation and increased humidity 
and rainfall these react thus: group i, by darkening (increased 
intensity and extension); group 2, by lightening; group 3, by 
darkening in intensity, but either increased or decreased area. 
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I. LOCAL versus geographical differentiation 

when we examine the question of evolutionary divergence 
more closely, we shall find that two rather distinct problems arc 
involved. We may perhaps begin by looking at the matter 
historically, and from die point of view of pure taxonomy. 
Two phases may be distinguished in the history of modern, as 
opposed to Hellenistic and Moorish, taxonomy. In the first, 
wliich begins with Gesner, Gerard, and Caesalpinus, the primary 
motive was medical. In large measure it sprang from the need 
for identifying the plants prescribed in mediaeval medicine. 
Though reinforced and broadened, first by the emergence of 
commercial seed-production for horticulture in the eighteenth 
century, and secondly by the deliberate policy of reporting on 
the flora and fauna of the new EngUsh and Dutch colonics (sec 
various reports in die Phil. Tram, Roy. Soc., New York Colonial 
Documents, Hakluyt’s Voyages, the official Hortus Malabaricus 
of the Dutch East India Company, etc.), its predominant charac- 
teristic and achievement was its preoccupation with the local 
situation. The major contributions were made by naturalists 
concerned with the animals and plants of their own country. 
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This regional or local phase reached its climax in the work of 
Morrison, Ray, and Linnaeus. 

The second phase, stimulated by an intensification of the 
colonial motive and the extension of horticultuFid enterprise 
(e.g. the foundation of the Royal Horticultural Society by 
Thomas Knight), begins with the voyages of Ba n ks and the 
collections of Raffles. Its special characteristic is the impact of the 
Australian and remote Oriental fauna and flora on the scientific 
consciousness of Europe. The subsequent development first of 
steam navigation, and then of the new colonial pohey which 
followed the break-up of the great trading monopolies, and was 
more distinctively national in character, conspired to produce 
a new orientation, in which local preoccupations were swallowed 
up in a study of broad geographical distribution. This led even- 
tually to the estabhshment of the great museums, with their 
vast collections and their stafl" of professional classifiers and 
dcscribers. This phase of taxonomy had its social roots, first 
in the desire to introduce new and useful plants and animaU 
and later in the need, from the standpoint both of health and 
of agriculture, especially in the tropics, for identifying disease- 
bearing animals, insect pests, noxious weeds, and potentially 
useful crop-plants and trees. 

The fint phase we may style that of the herbal, the second 
that of the museum. The fint is essentially regional, the second 
essentially world-wide. 

Now let us see what taxonomic problems emerge as a result 
of these two approaches. In the regional phase, the classifier is 
confronted with related species either occupying quite distinct 
ecological habitats or found together over much of their range 

the former case, spatial isolation clearly facilitates ecological 
divergence. In the latter case, it is generally found that the over- 
la^ing species show definite though often slight ecological 
differences m habitat-preference or in mode of life. This may 
give us an insight into the adaptive basis for the differentiation 
of the related forms, but we are immediately confronted by the 
problem of how they are kept distinct and separate in nature, 
and still more how they were prevented from breeding together 
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in early stages of their divergence. A frequent feature of over- 
lapping local differentiation is the sharpness of certain characters 
differentiating the related forms. 

Quite other facts confront the museum systematist investi- 
gating the world-wide distribution of a group. What strikes 
him most forcibly is the phenomenon of geographical replace- 
ment, as described in the preceding chapter. Geographical forms, 
whether species or subspecies, arc normally not distinguished by 
obvious qualitative characters, but by small or general differ- 
ences, in colour, size, and proportion. Where the differentiation 
appears to be adaptive, the adaptation is usually or mainly to some 
broad regional influence such as climate or soil; it is often physio- 
logical, .md then accompanied cither by no obvious morpho- 
logical distinctions, or by morphological characters which arc 
purely consequential on the physiological adaptation, and not 
themselves adaptive. 

The question of preventing intercrossing between groups of 
tliis type docs not arise, since geographical separation provides 
the requisite barriers. On the contrary, the major biological 
problem has been that of accounting for that fraction of the 
divergence which is not adaptive, and this would now appear 
to have been settled in principle, as due to tire Sc wall Wright 
phenomenon of drift. 

The main preoccupation of taxonomy in the past half-century 
Ixas been geographical. To-day, however, now tliat the principles 
of geographical differentiation have come to be generally recog- 
nized and in broad outUnc understood, attention is once more 
being focused upon the local situation, but in the light of the 
new discoveries of cytogenetics and ecology. 


2. ECOLOGICAL DIVERGENCE 

We shall return later to die basic question of the prevention of 
crossing between spatially overlapping species. Our immediate 
problem is the study of systematic diversity vvhicli is based 
primarily upon ecologically adaptive divergence. 

We have already pointed out that ecological and geograpliical 
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divergence overlap,^ and have mentioned the main different 
types of ecological divergence. These may be summarized as 
follows 

1. With geographical isolation primary: ccogcograpliical. 

2. With ecological spcciaUzation primary: 

(a) ccoclimatic: adaptation primarily to distinct regions, 
differing in climatic and other general environmental 
features. 

(/)) ccotopic: adaptation primarily to distinct local habitats. 

(r) ecobiotic: adaptation primarily to distinct modes onife. 

We have also stressed the role which may be played by rabge- 
changes subsequent to differentiation. \ 

Etogcograpliical divergence has been treated at length. Wl\erc 
marked cHmatic difference bctwebi two areas is associated With 
geographical barriers to migration and interbreeding, ecological 
divergence will proceed more rapidly and good species may 
differentiate in place of mere subspecies. The primarily ecologici 
divergences we cannot discuss in such detail, since much less is 
known, or can be deduced, about their early stages. 

The most obvious examples of ecoclimatic divergence are those 
where two species replace each other altitudinally within the 
same main area. Examples from Britain arc the ptarmigan and 
the red grouse {Lagopus scoticus and L. mutus), the twite and the 
linnet^ {Carduelis jiavirostris and C. cannahina ; the ring-ouzel and 
the blackbird [Tardus torquatus and T, nteruld)\ the mountain and 
the common hare [Lepus timid s and L. europaeus) over most of 
their range , the alpine and the common lady’s mantle [Alchemilla 
alptiia and A. vulgaris). An example from Switzerland is that of 
the black and common redstarts [Phoenicurus ochrurus and P. 
phoenicHitis), The difference between a maritime and an inland 
region provides opportunity for the same type of divergence. 
We may instance the rock and meadow pipits (Anthus spinoletta 
petrosas and A, pratetisis), or the two species of bladder-campion, 
Sitene maritima and S. vulgaris (see p. 268). 

(*913) has a valuable discussion of the subject in which he treats 
ne dmerent inodes of isolation from a somewhat similar viewpoint. 



SlMiClATION, liCOLOGICAl. AND CliNliTlC ^67 

At first sight it would appear very difficult to mauitaiu any 
real diiicrcncc between such ccoclimatic adaptation of distinct 
environmental regions witliin a single geographical area, and 
ecogeographical adaptation to environmentally distinct geo- 
graphical areas. However, a theoretically important distinction is 
possible. It may be that in an originally continuous population, 
those groups inhabiting climatically very distinct regions became 
closely adapted to the conditions of tliose regions. If selection in 
favour of such adaptation were intense, selection would also act 
to erect barriers to the interbreeding of the groups, since such 
interbreeding would hinder the adaptive change. There is a real 
distinction between cases in which spatial isolation, brought about 
by purely geographical barriers, is primary, and ecologically 
adaptive divergence is subsequent and secondary; and those' in 
which ecological divergence is primary (even if it occur in 
different regions of a range) and tends to erect barriers to free 
interbreeding. This will be reflected in the distribution. In cases 
where geographical divergence is primary, the range of a geo- 
graphical group (subspecies or species) will in general be a whole 
area. Where, however, ecological divergence is primary, die 
range of each divergent group will in general constitute a type 
of regional habitat — all mountains above a certain height for 
ptarmigan, all rocky coastal areas for rock pipits — ^which will not 
constitute a single gcograpliical area but will be discontinuous. 

An example wliich well demonstrates the interconnection 
between ecological and geographical divergence is that of the 
two species of bugle, Ajuga chamaepitys and A. chia (Turrill, 
1934). A. chia is a higWy polymorphic species found in the 
eastern Mediterranean and eastwards into Persia, in various 
natural habitats. A. chamaepitys, on the other hand, is found in 
Central and Western Europe and parts of North Africa, is on 
the whole very uniform, and over a great part of its range is a 
weed of cultivated land. The two forms are connected by every 
intergradation over a zone of very considerable width. In addition 
there is a character-gradient (cline) traversing both forms from 
nordi-wcst Europe to the Near East. As one passes in this direc- 
ti<Mi, die plants tend to liave a longer duradon of life, become 
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more bushy in habit, with shorter IcafJobes and larger flowers 
(the gradation reaching from lo to 28 mni. corolla-length), and 
tend towards corrugated instead of pitted seeds; the gradient 
appears to be steepened in the zone of intergradation. 

Turrill concludes that the original home of the two forms 
was in the Near East, and that A. chamaepitys has arisen by an 
extension north-westwards in relation to the spread of human 
agriculture, selection having operated to reduce the variabihty 
of the stock and to adapt it more closely to the status of a weed 
of arable land. On this supposition the zones of intergradation 
are not due to interbreeding between two differentiated forms, 
but to incomplete selective differentiation of the more uniform 
from the more variable form. On distribution alone the two 
forms could be regarded as geographical divergents, but sii^e 
A. chamaepitys is so sharply characterized in its ecological require- 
ments, it seems easier to suppose that it was the new ecological 
niche provided by human agriculture which was the primary 
factor in stimulating its differentiation. However, this differen- 
tiation could not occur in the original range of the species, but 
only where agriculture was combined with other cUmatic con- 
ditions : thus geographical separation here resulted from ecological 
differentiation. 

It must be, as Turrill stresses, a matter of opinion whether the 
two forms should be regarded as species or subspecies: dicir 
many important differences, however, make it more convenient 
to give them specific rank. 

The detailed analysis of cases of ecochmatic divergence has 
rarely been undertaken. However, a careful study has been made 
of the two species of bladder-campion previously mentioned 
(p. 266), by Manden-Jones and Turrill (1930).* Both arc highly 
polymorphic, notably Silene vulgaris, as would be expected from 
the greater ecological variety of inland habitats. S. maritima is 
more restricted ecologically: over most of its range it is confined 
to the coast, but towards its northern limit it may penetrate far 
inland, especially on mountains. S. vulgaris docs not extend so 

Tht could cqu^y well be regarded as one of ccotopic divergence. 

Xht difiercnt categories of course overlap. 
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far north as S. maritima. Much of the natural variation is parallel 
in the two species, but certain variants ^re found only in S. 
vulgaris. It appears likely that in Britain S. maritima survived the 
lee Age, while S. vulgaris was a post-glacial immigrant. 

Although under experimental conditions the two species can 
be crossed, and then yield fully fertile hybrids, they rarely cross 
naturally in the main portion of the area of their geographical 
overlap. Spatial isolation, due to their ecological preferences, 
thus keeps them apart, and they must be regarded as good 
species. However, in some smallish northern areas the available 
evidence suggests that the two have come to overlap regionally, 
and that here they have been fused to form a still more poly- 
morphic mixed population. If so, this would be parallel to the 
case of the sparrows mentioned on p. 256. 

The two speedwclk, Veronica spicata and V. hyhrida, are very 
similar in appearance, but are kept separate by the adaptation 
of the former to a continental, of the latter to an oceanic clinutc 
(Salisbury, 1939)- 

It will obviously in many cases be difficult to distinguish 
ecoclimatic from ccotopic divergence. A case in point is the 
crested tit iparus cristatus), which is confined to coniferous forests 
and to a certain range of environmental conditions. In many 
areas it thus becomes limited to mountain regions, but elsewhere 
(e.g. Scotland) it descends lower. The special (ccotopic) ratlicr 
than the general (ccochmatic) ecological conditions of the habitat, 
however, appear to be much the more important. 

The evolution of the crested tit in Britain affords an interesting 
contrast with that of the cole tit ^P. atcr). As lias been pointed 
out by Lack and Venables (1939) and J. Fisher (1940c) both 
species are typically restricted to coniferous woodland. During 
the last glacial maximum, coniferous woodland extended across 
what is now the English Channel into southern Britain, and both 
species were presumably restricted to this habitat, as on the 
continent to-day. Later, Britain was cut off from die rest of 
Europe, and its coniferous forest receded northwards, being 
replaced by deciduous woodland in the south. The British cole 
tit adjusted itself to the new conditions by becoming adapted 
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to deciduous as well as to coniferous woodland, so that it is now 
found over the whole of Britain. The crested tit, however, was 
for some unexplained reason less plastic, so that the British sub- 
species is now restricted to the central highland region of Scotland. 

Various compheations of simple ecoclimatic divergences occur. 
For one thing, altitudinal separation is, of course, often translated 
into geographical separation at the margins of the range, the 
form adapted to high altitudes extending to low levels in regions 
which arc too cold for the other form. Numerous examples of 
this arc given in Chapman’s notable monograph (1926) on South 
American bird-hfe. i 

A remarkable example of divergence in ecoclimatic preference 
without morphological differentiation is that of the lesser wnite- 
throat {Sylvia curruca) cited by Oldham (1932). In Britain \this 
is a lowland bird, never nesting above 1,000 ft.; but in the SWiss 
Alps it is not found in the valleys at all, and breeds only above 
.4,500 ft., in pine forests, 

A peculiar case is that of the marsh and willow tits {Parus 
palustris and P. atricapillus). These are in many parts of their 
range extremely similar in appearance. The chief plumage dis- 
tinction is that the black of the crown is glossy in the former 
species, dull matt in the latter. The marsh tit rarely if ever 
excavates its nest-hole, while the willow tit always or normally 
docs so. Further, the notes are distinct. The ranges of the two 
Fomenkreise are by no means identical, P. palustris not being 
found at all in America, where the common chickadee is the 
subspecific representative of P. atricapillus. In Western Europe, 
P. atricapillus ranges further north than P. palustris, the latter, for 
instance, being absent from Scotland. In general P. atricapillus is the 
more northern form, and ranges higher in mountainous regions. 

In certain parts of the range, as in England, the two are found 
within the same area, and are extremely similar in appearance. 
Elsewhere, however, they may be distinct both in distribution 
and in appearance: for example in the Alps the willow tit is 
found much higher, and is larger and paler than the marsh tit. 
Presumably they are ccogeographical species, probably separated 
in the glacial period (sec p. 246). hi any case they must have 
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Spread extensively since rfieir separation, and under certain con- 
ditions now compete within the same area. The distinction in 
nesting habits is a mark of ecological specialization: in some 
areas this is also indicated by difference in habitat-preferences, 
for instance in regard to type of woodland frequented. 

A somewhat different case exists in mammals. In the long^ 
tailed field-mice (ApoJemus) two closely-related species, A. 
sylvaticus and A. Jlavicollis, are generally recognized. The latter 
is shghtly but distinedy larger, and has more yellow on the chest 
and neck. The osteology also presents some definite distinctions. 
There is partial ecological isolation, flavicoUis being restricted to 
woods and scrub, while sylvaticus prefers more open habitats 
(Zimmermann, 1936). They are found within the same area in 
much of Western Europe, though sylvaticus has a much wider 
distribution. In some regions, as in Scandinavia, intermediates 
are found; but here sylvaticus is a lowland form, jlavicollis an 
upland form, with the intermediates found in the transitional 
region (Barrett-Hamilton and Hinton, 1910—, p. 545). How- 
ever, as the two forms are traced eastwards across the Eurasiatic 
continent they become less distinct, until in Eastern Asia only 
a single type can be distinguished (verbal information from 
Mr. M. A. C. Hinton).* 

In many cases of apparent ecoclimatic divergence, wc must 
allow for the possibility that the differentiation was in origin 
ecogeograpliical, and that subsequent migration later brought 
the twet forms into the same area, where, however, their different 
ecological requirements segregate them into different regions. 
We have given examples of this in a previous section. From 
what wc know of the common and mountain hares (p. 246), 
we must be prepared for the possibiUty that similar cases, like 
that of the red grouse (or alternatively the willow grouse) and 
the ptarmigan, may be of this nature. The fact is that compara- 
tively little is known on the matter; and it would be extremely 
valuable to be able to distinguish the results of ccogeographical 

* Sviridenko (1940) has recently shown that in Russia there b an ccobiotic 
difference, A, Jlavicollis consuming more green food and fewer insects than 
A* sylvaticus. 
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divergence followed by migration from* those of ecoclimatic 
divergence in situ. Systematic mapping of the actual ranges of 
a number of species and subspecies as found to-day, togedier 
with their probable ranges during the last glacial maximum, 
would shed much Hght on this problem. 

In general, as pointed out by Mayr (Stanford and Mayr, 1940), 
higher-altitude subspecies of birds are larger and darker than 
mid-mountain and lowland forms. In S. America and New 
Guinea the evidence strongly suggests that most altitudinal races 
have differentiated in situ; the types are accordingly often jcon- 
nected by “a graded series of ii^termediate populations”. Ini two 
cases in New Guinea, however, the local altitudinal repr^n- 
tatives seem to have differentiated in separate locaUties and to 
have come into their present close proximity by subseqU|ent 
range-change (cf. the marsh and willow tits in the Alps, p. 2';^). 
The types are then usually sharply distinct, without intermediates. 
This type of origin seems to have been particularly frequent in 
N. Burma. 

In Nyasaland the two white-eyes Zosterops virens and Z. sene- 
galensis arc separated both altitudinally and ecotopically, the 
former being restricted to the borders of evergreen forest at 
high elevations, the latter occurring at lower altitudes and often 
in the interior of open woodland as well as the borders of ever- 
green scrub (Benson, 1941). A rather similar difference holds 
for two species of Cinnyris, C. manoensis and C. zonarius, and 
for two subspecies of tit. Pants n. niger and P. n. insignis. 

We now come to ecotopic divergence. This clearly overlaps 
with ecoclimatic. The ecological adaptation of the rock pipit 
{Antliiis spiiwletta petrosas} is in one aspect ecoclimatic, to a mari- 
time zone, in another ecotopic, to rocky ground (p. 279). The 
other two common British pipits show ecotopic divergence, the 
meadow pipit(A. pratemis) being a bird of moors and rough mea- 
dows, the tree pipit(.( 4 . trivialis) demanding partially wooded areas. 

A case of ecotopic subspeciation in birds where the two forms 
are kept separate by their ecological preferences is afforded by 
the very distinct salt-marsh and dry hillside subspecies of the 
song-sparrow {Melospiza melodia) in San Francisco Bay. The 
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king rail {Ratlus elegcms) and the clapper rail {R. longirostris) of 
the U.S.A. are restricted to fredi-water and salt-marshes respec- 
tively; here the divergence has reached species level. (Examples 
from Mayr, 1940.) 

The caribou {Rangifer tarandus) exists in Canada in woodland 
and barren-ground subspecies. The former is considerably larger, 
but has smaller anders, in adaptation to the obstacles of its habitat. 
It migrates south in summer, the barren-ground form north. 
The two are kept sharply apart by their ecological preferences. 
In fish, two subspecies of bream {Abramis brama) differ also in 
time of spawning; the spring form has a much more restricted 
distribution (Velikokhatko, 1941). 

Ecotopic divergence seems to be considerably rarer in verte- 
brates than in insects (p. 322). 

Plants provide numerous examples. Divergence in relation to 
the calcium content of the soil is not infrequent, leading to the 
production of calcicole and calcifuge species (or subspecies). 
Examples of such species-pairs from Europe include the bed- 
straws Galium saxatile and G. sylvestre (the calcifuge type is in 
each case mentioned first), the gentians Gentiana excisa and G. 
clusii, the anemones A. sulphurea and A. alpina, and cases from 
Rhododendron, Achillea, etc. (Salisbury, 1939). It is interesting 
that the anemones are physiologically buffered against the 
environmental difference in calcium-content, the ash of the 
calcicole species containing slighdy less Ca. In a somewhat 
similar way, animal species may be buffered with regard to 
temperature conditions, forms adapted to regions of higher 
temperature having, at any given temperature, a lower meta- 
bolism than close rebtions living in cooler conditions (p. 435; 
Fox, 1939; Fox and Wingfield, 1937). In the gentians, however, 
no buffering has developed, and the calcicole speeics contains 
considerably more calcium. 

Dr. TurrUl tells me that an even greater number of species 
(or subspecies) pairs are differentiated in rebtion to serpentine 
or its absence. 

The two bedstraws can both be grown in a wdde range of 
soils, but in nature they ate rather rigidly calcicole and caldfiige 
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respectively. This is a frequent phenomenon. Many plants which 
in the absence of competition show wide tolerance are, under 
the more intense selection found in nature, confined to a small 
section of their potential ecological range. Edelweiss grows 
luxuriantly at sea-level in an English garden: it is a mountain 
plant in nature, owing to its inferior performance in competition 
with lowland types, combined with its wide range of tolerance 
which will permit it to grow in regions above their capacity 
to colonize. (See also pp. 446-7). 

The morphological distinctions between such ecotopic species, 
as between the “biological species” of various animals (see below, 
p. 296), may be remarkably sUght. Thus the two specks of 
gentian mentioned were long confused. They both occupy the 
same ecobiotic niche in the Alpine pasture community, \and 
difier visibly only in the presence or absence of green s^ots 
inside the corolla tube, and the mode of insertion of the calyx 
teeth. Such types are normally kept so isolated by their ecobiotic 
adaptations that they are properly to be regarded as species. 
However, just as in certain extreme parts of their ranges the 
two ecochmatic species of Silene overlap and there cross freely 
(p. 269), so in exceptional circumstances ecobiotic species may 
hybridize. Salisbury (1939) has shovm that the two oaks," QmcMs 
rohur and Q. sessiliflora, are distinguished mainly by preferring 
heavy and light soils respectively (and see also Watson, W., 1936, 
J. Ecol. 24 : 446). Where soils of the two preferred types meet 
abruptly, a narrow belt of hybrids is found, reminding us of the 
narrow zones of intergradation found between many geographical 
sub-species of animals. Where, on the t)ther hand, soils of a truly 
intermediate nature occur, an entire wood may consist of a mixed 
population of the two pure forms together with hybrids. 

Miller Christy (1897) has described the behaviour of the true 
oxlip {Primula elatior). This species is in Britain rigorously con- 
fined to the boulder-clay in its highest and most solid areas. It 
hybridizes freely where it comes into contact with the primrose 
(P. vulgaris), but for the most part the two species are kept sharply 
apart by their ecological preferences. Interestingly enough, in 
some areas the oxlip is being ‘‘hybridized out” by the primrose, 
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the zone of intercrossing apparently advancing into die oxlip 
area. On the continent, the oxlip has not such a restricted ecolo- 
gical preference, and is correspondingly more abundant. The 
distinction of the oxlip from the cowslip {P. veris) is maintained 
by hybrid sterility, not by ecological preference. 

In discussing clines (p. 223) we have mentioned the ecoclines 
found in such plants as Plantago maritima, in which a wide range 
of genetically different forms is diftcrentially adjusted by selective 
balance (p. 103) to different parts of a wide range of ecological 
conditions. These conditions may be artificially imposed, c.g. by 
the degree of grazing by sheep (see Gregor, 1938/1). 

This typical plant mode of intraspccific differentiation (which 
of course may, through subsequent isolation, lead on to full 
speciation) is usually manifest in a broader way, over larger 
areas. Turesson especially has developed this view. According 
to him, most or at least many plant species consist of numerous 
ecotypes, each adapted to a certain range of environmental con- 
ditions. Usually the differentiation is ecotopic or ecobiotic, 
related to habitat conditions. To take but one example, Turesson 
(1927) finds that the grass Poa alpina in Scandinavia comprises 
alpine, sub-alpine and lowland ecotypes, highly selected in regard 
to such features as earliness and water-requirements. From his 
analysis he draws some interesting biogeographical conclusions, 
e.g. that the lowland ecotypes are not glacial rehes. See also 
Turesson (1930) for more general discussion. 

In still other cases, the difierentiation may be of the same 
general nature but with still broader basis, in relation to climate. 
Numerous examples of this are given by Sinskaja (1931) for 
Russian plant species. Thus in grasses like Brotnus inermis there 
are definite “dimatypes” (climatic ecotypes) which each charac- 
terize a particular chmatic zone. “OutUers” of one clinutype 
within the main zone of another may occur, and are also associ- 
ated with regional peculiarities of the habitat which make it 
approximate to the zone normally inhabited by the “outlier” 
type. Presumably, as in Plantago maritima, but over a much 
vaster area, selection sifts the array of ecotypes present in the 
species in accordance with the climatic and other peculiarities 
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of the habiut. The difercncc, though of great s^jiificance, is 
essentially a quantitative one. 

In many forms, several ecotypes may coexist in one area, each 
adapted to sUghtly different habitats. But where conditions are 
exacting, only a single main ecotype may survive over a con- 
siderable area (sec c.g. Stapledon, 1928, on cocksfoot grass). 
This multiple-ecotype species-structure of higher plants is to be 
contrasted with the regional differentiation typical of higher 
animals, and leading to geographical subspecies: the difference 
is doubtless due to the random methods of fertilizatioH and 
distribution in plants. Another type of species-structure is( pro- 
vided by the existence of seasonal ecotypes, each adapts to 
flowering and fruiting at a different time of year: sec e.g. Clatpen, 
Keck and Hiescy (1937, p. 15), for the tarweeds Hemizonia.\ 

The ecocline mode of differentiation revealed by Gregor’s 
work may also, it appears, sometimes be pushed further until 
the range of groups is broken up into well-marked ecological 
subspecies or even distinct species. Salisbury (1939) gives two 
examples, both interestingly enough fror.i a similar range of 
environmental conditions. Thus the glassworts Salkornia dolicho- 
stachya, S. herbacea {sensu stricto), S. gracillima, and S. disarticulata 
are found at progressively higher and drier levels of salt-marshes. 
An interesting ecotopic complication is seen in that the moder- 
ately low zone is characterized by S. herbacea when more muddy, 
but by a closely allied species, S. ramosissima, when more sandy. 
A similar but less complex series is provided by the sea-lavenders, 
Limonium {Statice) rarijiora, L. vulgare {sensu stricto), and L. 
pyramidale. 

Ecological succession may be the agency which keeps such 
forms sufficiently separate for group-differentiation and eventual 
speciadon to occur, one and the same salt-marsh at diflerent 
stages in its career being habitable by one only of the types. 
Frequendy, however, conditions are such that two or more of 
the forms are found at different levels of the same marsh, so 
that it is difficult to envisage the precise nature of the isolating 
barriers which must have been operative to effect speciation. 

In certain cases there may be a marked segregation of ecotypes 
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adapted to highly specialized habitats. Thus we have prostrate 
“varieties” of bittersweet {Solatium dulcamara), broom {Cytisus 
scoparius), and of the hawkweed Hkracium umbellatum, restricted 
(and h^hly adapted) to shingle, cliff-ledge, and shifting sand 
habitats respectively. All three retain their characters in culti- 
vation, side by side with the normal form. In the Solatium the 
prostrate form has a complex multi factorial basis (results shortly 
to be published by Mr. Marsden-Jones); wc may expect the 
breeding experiments now being carried out by Dr. Turrill to 
reveal the same general state of affairs in the Cytisus. 

In the Hieracitm, Turesson (1922) showed that the dune-type 
occurs all along a long stretch of dunes, except near the few 
spots where woodland comes down close to the dunes. He 
interpreted this as meaning that in these localities, cross-pollination 
from the woodland form has wrecked the speciahzed constitution 
of the shifting-sand form sufficiently to prevent it maintaining 
itself at all in its difficult habitat (cf. also p. 187). 

The considerable gap in characters between the other two 
prostrate forms and the type would imply that they too are 
what we may call “all-or-nothing” forms, which may with 
some justice be called ecological subspecies. 

The distiiiCtion between them and the less specialized ecotypes 
would then be that they can only maintain themselves as a 
relatively pure population, whereas in cases such as that ot 
Gregor’s PlarUago maritima, each population contains numbers 
of ecotypes, none of them very sharply defined, and all inter- 
crossing and connected by intermediates. In tliis latter case, die 
species is polymorphic, the selective balance needed to maintain 
ffie polymorphism (see p. 97) being a balance between the 
selective effect of a wide range of habitats. In the former case, 
however, true polymorphism is absent, and a liighly adapted 
type is main tain ed as an ecological subspecies in a special liabitat 
by means of a considerable degree of isolation. 

This type of species-structure could readily evolve out of the 
more usual multiple ecotype structure; doubtless various inter- 
mediate conditions will come to Ught as research proceeds. 

The two forms of Ajuga (p. 267) have shown us how the 
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peculiar conditions of cultivated land may combine with climatic 
selection to cause a partly ecological, partly geographical diver- 
gence. In other cases, estivation may induce purely ecotopic 
divergence. Thus in some plants, e.g. the weeds Caucalis arvensis 
and the fool’s parsley Acthusa cynapium, dwarf strains charac- 
terize stubble-fields. The taller strains which also regularly appear 
earUer in the season in the same fields are ehminated each year 
through decapitation of the flower-heads by the reaping machine 
before ripening (Salisbury, 1939 )* It is quite conceivable tliat 
good dwarf species may eventually evolve, restricted to the 
autumnal stubble habitat. I 

A point of great importance is that, with ecotopic difftren- 
tiation, the spatial overlap between related divergents may be 
very extensive. Overlap may occur with ecochmatic divergence; 
for instance, the red grouse and the ptarmigan overlap in cer^iii 
parts of their range over a zone of up to 300 m. in vertical height. 
But such forms as the chiffehaff and the willow warbler (Phyllo- 
scopus collybita and P. trochilus), for example, though the latter 
has a preference for more open situations, overlap extensively 
and irregularly over most of their range; so do the meadow and 
tree pipits (p. 289), though to a somewhat smaller extent. 

Again, though the bell-heather {Erica cinerea) is adapted to 
drier mean conditions than the waxbcll {E. tetralix), the two 
are quite commonly found growing together. 

It is not uncommon to find a species in the atypical conditions 
at the margin of its range adopting a peculiar habitat. Thus the 
reed bunting {Emberiza schoenichlus) in north-west Scotland 
and the Isles is found nesting on small islands in lochs, among 
low birch scrub (personal observation). This is due to the absence 
of the marshy willow coverts which it normally frequents, and 
to its general preference for low shrubby vegetation near water, 
which here is largely confined to islets, since it is elsewhere grazed 
down by sheep. The swallow-tail Papilio machaon, normally an 
ordinary open-country butterfly, inhabits fens on the edge of its 
range, in Britain. In this and other cases, the reason for the changed 
habitat is unknown — e.g. for the extension inland in the north- 
western regions of Britain, and notably on St. Kilda, of the rock 
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which normally is rigidly confined to the maritime zone 
(Nicholson and Fisher, 1940). As widi Silene (p. 269), the change 
of habic'.t causes an overlap of range widi a related species, the 
meadow pipit. Camtnams duebeni, mainly brackish water in 
Britain, is the chief fresh-water species of Ireland (Beadle and 
Cragg, 1940). 

The rock pipit is of great interest, since tliis itself is an eco- 
logically differentiated subspecies of Anthus spinoletta, most of 
whose numerous subspecies arc styled water pipits, owing to 
their preference for streams. All are confined to barren country: 
some, like A. s. spinoletta, to alpine areas; others, like A. s. rttbes- 
cens, to mountains or to low barren areas in the far north. This last- 
named subspecies shows a transition towards the habitat-pre- 
ferences of the rock pipit {A. s. petrosus), since it is rather frequently 
found on steep slopes above sea-cliffs. The combination of 
ccotopic and geographical divergence is thus well illustrated by 
the forms of this polytypic species. 

Sometimes the ecological isolation is concerned primarily with 
breeding-places, the forms often mingling while feeding. This 
occurs, for instance, with the British Hirundinidae, the swallow 
[Hirundo rustica) nesting only under shelter, usually inside build- 
ings, the house martin [Delichon urbica) only on houses (or rarely 
on cliffs), the sand martin {Riparia riparia'^ only in sand-cliffi, 
usually along rivers. The house martin, by the way, provides 
an example of the effect of human agency in altering range. 
This species was originally confined to cliffs as breeding-places, 
but its adoption of houses has both changed its type of nesting 
habitat and much extended its distribution. 

The reverse condition is exemplified by the terns. Sterna, 
where several species may show similar nesting habits, but are 
differentiated in regard to their feeding. Formosov (in Cause, 
1934. p- 19) cites a case where four species nest in a single crowded 
colonial breeding territory (though the species tend to keep 
separate within the colony), and all co-operate in driving away 
intruders. But their feeding habits arc quite distinct; three fish in 
different types of water, and the fourth feeds excusively on land. 

The house and tree sparrows {Passer domesticus and P. montanus) 
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may also be mentioned, the former essentially a ^arasit^ or 
commensal of man, the latter restricted to open country away 
from buildings. However, in certain eastern palearcdc regions, 
outside the range of the house sparrow, the tree sparrow has 
taken the other’s ecological role and constantly associates with 
man. This shows how ecological distribution may alter in rela- 
tion to the absence of related competitors, just as was shown for 
regional distribution in the case of the mountain hare (p. 246). 

As mentioned later (p. 322), the small size and rigid instincts 
of insects appear to favour ecotopic and ecobiotic differpntiation 
to a much greater extent than in higher vertebrates. ( 

Before returning to the biological problem raised\by the 
existence of overlap and the consequent absence of spatial isola- 
tion, we will briefly deal with ecobiotic divergence, wl^ere the 
main adaptation is to a mode of life rather than to a habitat. 
Here the opportunities for overlap are greatest. One may, for 
instance, find half a dozen good species of Geranium or of 
Veronica in one hedge or bank, five good species of blue butter- 
flies (Lycaenidae) on a single chalk down. All the six common 
species of British titmice may frequently exist togedier in a 
single wood, although here they also show ecotopic preferences, 
a coniferous wood being quite likely to harbour only the cole 
tit (Pams ater), an alder grove by a swamp only the willow tit 
(P. atricapiUus)y while the longtailed tit (Aegithahs caudatus) 
is somewhat local and tends to frequent rather open bushy 
country. 

Sometimes size is the decisive factor. The greater and lesser 
spotted woodpeckers (Dryobates major 2nd D. minor) arc extremely 
similar in appearance and habits, but the one is three to four 
times the weight of the odier. Such differences in size are doubt- 
less correlated with difference in the food taken: this holds for 
the similar case of the two very similar falcons, the large peregrine 
(Falco peregrinus) and the small merlin (F. columbarius). Similar 
examples from North America include the common and fish 
crows, Corpus brachyrhynchos (corone) and C. ossifragus, the latter 
having also well-marked ecological preferences, and the hairy 
and downy woodpeckers, Dryobates villosus and D. pubesceris. 
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Mr. M. A. C. Hinton tells me dut die same holds for shrews 
(Soricidae). In Britain we have the common and pigmy species, 
Sorex or emeus and S. minutus; other size-difierendated sets of 
species occur within the family. In Hemicentetes (p. 287) the 
differentiation is by tooth-size, not body-size. Other obvious 
examples are to be found in bats, foxes, toads, Mustelidae (stoat 
and weasel, emineus andAf. nivaUs'j, cats (e.g. jaguar and 

ocelot, Felis onca and F. pardalis) and the curlew and whimbrel 
{Numenius arquata and N. phaeopus). That the size of predator and 
prey is often closely adjusted is shown by the experiments with fish 
and water-boatmen mentioned on p. 469. Presumably the size- 
difference between pairs of species differentiated on this basis 
must reach a certain level before the two types cease to overlap 
appreciably in regard to the prey taken, and so gain maximum 
advantage by their differentiation. It is relevant that in the 
woodpeckers, the ratio of size of the smaller to the larger species 
is very similar in Europe and America, as if a certain degree of 
size-divergence were necessary to secure the optimum exploita- 
tion of the environment by species-pain of this type. A quanti- 
tative comparative study on such size-differences in various 
groups should yield interesting results. 

With reference to woodpeckers it is interesting that in North 
America the group shows a much greater range of ecological 
divergence than in the Old World. For instance, acom-storing, 
catching insects on the wing, egg-stealing, sap-sucking, etc., are 
characteristic of American species only (sec Bent, 1939). It would 
be interesting to try to discover the reason for this^and other 
similar cases of dif&rential ecological radiation. 

Feeding habits arc the commonest source of ecobiotic diver- 
gence. For instance, among the British finches, the goldfinch 
(Carduelis carduelis) is the only one to prefer thistle-heads, the 
bullfinch {Pyrrhula pyrrhuh) to prefer fruit-buds: the hawfinch 
(Coccothraustes coccothraustes) enjoys berries and green peas, while 
the crossbill {Loxia curvirostra) is almost confined to pinc-sceds. 
Such dietary speciahzation is naturally often reflected in struc- 
ture: the huge beak of the hawfinch and the remarkable crossed 
mandibles of the crossbill are obvious examples. 
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Hie birds of prey afford equally good examples. Almost every 
British bird of prey is, by its 'wing-shape, mo^ of flight, beak, 
daws, size and general instincts, spedalized for capturing a 
distinct type of prey— the peregrine {Falco peregrinus) for large 
birds such as ducks and pigeons, the merlin {Falco columhmm) 
for smaller birds, the buzzard {Buteo huteo) for young rabbits, mice 
and other small animals, the kestrel {Falco tinmnculus) for voles and 
insects, the sparrowhawk {Aaipiter nisus) for small passerine birds, 
the hobby {Falco subbuteo) for the swiftest victims, induding even 
dragonflies and swallows, tbe osprey {Pandion haliaetus) ^or fish. 

An interesting case of indpient ecobiotic differentiatioi^ is dted 
by Noble (1930) in the common Japanese tree-frog, Phdcophorus 
schlegelii; this normally lays its eggs in holes in the biuiks of 
rice-fields, but one form deposits them in frothy ma^ on 
leaves overhanging water. There is a very slight degree of 
morphological diflerence, but the two types appear to be geneti- 
cally isolated by their breeding habits, and may be expected to 
diverge into good spedes. 

Among plants, diflferentiation of a clearly ecobiotic nature is 
on the whole rarer than among animals, but adaptation to spedal 
modes of pollination, by hive-bees, bumblebees, flies, moths, 
butterflies, etc., is a case in point. The different degrees of facul- 
tative or obligatory parasitism found in the eyebrights {Euphrasia) 
and their relatives provides another example, linking up with 
the facts discussed in section 4 of this chapter. 

The lampreys {Petromyzon) show an unusual type of ecobiotic 
divergence. As Hubbs and Trautman (1937) point out the 
original mode of life in this group appears to be for the animal 
after metamorphosis to develop strong sharp teeth and to feed 
in a semi-parasitic fashion on other &hes, usually in the sea. 
They grow to a considerable size, and eventually rcascend small 
streams to spawn and die. Several species of this type are known. 

A second set of species, however, entirely cease feeding after 
metamorphosis. Their gut becomes functionless, and the teeth 
are .reduced in size and sharpness and become fragmented. 
They live in the smaller streams in this dwarf condition for 
under a year, and then spawn and die. 
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The dwarfed non-parasitic but degenerate type is thus an 
adaptation to an adult existence in small streams. Difierent dwarf 
species appear to have originated independendy from several 
parasitic ones. 

A very different but equally interesting case is afforded by the 
koala (Phascolarctus cinereus). This marsupial exists in several sub- 
species. The nordiem, more tropical one is smaller thm the 
southern (Bergmann’s rule, p. 211), and is restricted to other 
species of eucalyptus. According to Pratt (1937) the leaves of 
the eucalyptus species preferred by the more tropical subspecies 
are rich in cineol and poor in phellandrene, while the reverse is 
true of those eaten by the higher-ladtude form. Pratt further 
maintains that this has an adaptive physiological significance, 
cineol tending to keep body temperature down, and phellandrene 
keeping it up. If this proves to be correct, we have here a case 
of geographical subspecies which are strongly differentiated 
physiologically and therefore ecologically. 

An instructive case of the apparent ecological differentiation 
of geographical subspecies comes from lizards (Kramer and 
Mertens, I938f>). In Istria, Lacerta muralis occurs in two sub- 
specific forms, L. m. muralis and L. m. maculiventris, the range 
of the latter confined to the west of the peninsula, and its habitat 
almost entirely restricted to the neighbourhood of human habi- 
tations where refuse is to be found, while tlic former, a wide- 
ranging form, is found on the cast of Istria in woods and thickets 
far from houses or villages. However, m. muralis becomes an 
associate of man in other areas, but only where the countryside 
is naturally very bare, and also highly cultivated — ^as is the case 
widi the part of Istria inhabited by m. maculiventris. Thus the 
ecological differentiation of the two forms in Istria is apparent 
only, caused by the chmatic and cdapliic peculiarities of the 
^ographical area of m. maculiventris. 

Again, the jirds [Meriones) of the Arabian desert arc differen- 
tiated into three ecological species “distinguished from each other 
by characters of skull and pelage, which appears to be closely 
correlated in such cases with special habits” (Cheesman and 
Hinton, 1924). Two are truly desert forms, one nocturnal, and 



284 evolution: the modern synthesis 

dierefore with larger auditory bullae, thicker fur, and less pallid 
colour, the other diurnal, with opposite characteristics, and the third, 
less specialized, is ecologically restricted to the cultivated fringe. 

Examples of this sort could be multiplied almost indefinitely. 
They show how widespread is the tendency to ecobiotic and 
ecotopic differentiation — ^in other words to a specialized sharing 
out of the environmental habitat and ways of exploiting it 
among different related species. At the same time Aey are a 
challenge to biologists, since the method by which such differen- 
tiation originates is by no means clear. The chief dura are the 
facts concerning “physiological races” in certain anim als and 
plants (p. 295), and the existence of local or sporadic variations 
in behaviour in certain animals. \ 

\ 

3. OVERLAPPING SPECIES-PAIRS 

Numerous puzzling cases are presented by extremely similar 
species which overlap over much of their range and yet remain 
distinct. 

Some of these puzzles, Uke that of the two European tree- 
creepers (p. 245), we have already shown to receive their solution 
in the fact of migration and overlap subsequent to divergence 
in isolation. It is probable tliat other examples, like that of the 
marsh and willow tits (p. 270) and of the pied and collared 
flycatchers {Muscicapa hypoleuca and M. albicollis), are of the same 
nature. 

A striking case is that of the two crested larks of North Africa, 
Galerida cristata and G. theklae, already referred to on p. 215. 
These differ only in certain apparently trivial characters, such as 
the length of bill, and whether the song is given from the ground 
or on the whig. Their overlap is extensive, but by no means 
complete. It is quite possible that here, too, migration after 
ccoclimatic differentiation in isolation has been responsible. 

Slightly different cases of overlap arise when two waves of 
invasion have occurred from different direction at different times 
(see p. 255). This has been particularly studied in the islands of 
the Pacific; thus on the Marquesas, Mayr (1940) finds two 
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forms of fruit-dove, which ordinary taxonomic practice would 
be inclined to regard as subspecies, living together without any 
hybridiaation. Then we have overlap due to the end members 
of a chain of subspecies meeting and behaving as species (p. 244). 
In all, ten or a dozen examples of tins phenomenon are known 
from birds alone. The distribution of the three subspecies of Rjota 
escuknta is very peculiar (H. W. Parker, in litteris). Usually they 
are kept from interbreeding by differences in breeding-times, but 
in certain zones hybridization occurs. Four-fifths of the species of 
gall-forming Cynipidae infest the oak (Hogben, 1940). Three 
species, mcluding two of Neurotems, often occur on the same leaf. 
Hogben suggests that agamic reproduction has facilitated this 
divergence. 

An interesting case is afforded by the blue butterflies. The 
chalk-hill blue {Lycaena corydon) and the CHfton blue (L. thetis) 
must be ecologically slightly different in their requirements, since 
the latter is found more commonly near the sea, and even 
where they overlap, one is usually more abundant than the 
other in particular spots. On the other hand, they do overlap to 
a considerable extent, and, although their times of emergence 
are not identical, they arc frequently to be found flying together. 
The brownish females of the two species arc so similar that no 
entomologist would undertake to assign a single specimen to 
its corrert species merely on its appearance. The males, however, 
are strikingly distinct, that of L. thetis being a rich azure, of 
L. corydon a very luminous pale blue. 

An example which has been a source of confusion to ornitho- 
logists for over a century is that of the genus Tachyeres or steamer 
ducks, so called from their habit of racing over the surface of 
the water, churning its surface with their wings hke paddle- 
wheels. In addition, some can fly; and these have long been 
known to be smaller and to have larger wings. 

For many years the belief was firmly held by many authorities 
that only one species existed, and that the flying stage was passed 
through in youth. However, Murphy (1936) has definitely estab- 
lished that three distinct species exist — one flightless form from 
the west coast of southern South America, a second from the 
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pykland Islands, and a flying fonn with a range including fliat 
of both the others and also spreading some distance up the east 
coast. The three forms are distinguishable at all stages. The 
flightless forms are considerably heavier, especially the mainland 
type, the males of which are almost double the weight of flying 
males. An interesting point (derived from an analysis of Murphy’s 
data, but not noted by him) is that the sexual disparity in size 
is much greater in the flightless species. The (?/$ weight-ratio 
in the mainland flightless form is i *47, in the flying form only 
I *17. One may Conjecture that this is due to sexual sel^tion in 
favour of more powerful males being no longer counteracted 
by natural selection in relation to eflBciency of flight. \ 

Though the wings of the flightless forms are smaller, the 
wing-musclcs are normal, since a great amount of energy is 
needed for the “steaming”, which is rather faster than In the 
flying species. The calls of the three species appear to be different 
and the Falkland flightless species shows genetic tameness. 

There is an ecotopic as well as an ecobiotic distinction between 
the flightless and flying forms, the latter being found on fresh 
water as well as on all regions of the coast, while the flightless 
species arc restricted to the coast, and to such regions of it as arc 
not subject to strong tidal fluctuation. 

It would seem clear that both flightless forms have been derived 
from the flying form by further specialization of the curious 
form of surface locomotion which is already well developed in 
it. But whether they have been independently derived or have 
diflerentiated into the mainland and Falkland form subsequent 
to losing their powers of flight, is uncertain, as is the mode by 
which isolation between flightless and flying forms occurred, in 
the first plao:. 

The two shearwaters Puffinus griseus and P. tenuirostris arc 
closely similar except that the former is larger. In New 7 i»a 1 and, 
only P. griseus is found, while P. tenuirostris breeds in southern 
Australia. Wood-Joncs (1936) considers that both species breed 
on the same island off Tasmania. This finding would indicate 
that the two species have remet after geographical differentiation. 

Two close and overlapping species of the insectivore Hemi- 
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centttes seem to be ecobiodcally difiTcrentiated in relation to size 
of prey, one having considerably smaller teeth (Butler, is> 4 i)> 

We now return to the extremely important question of how 
related species which overlap spatially are in nature prevented 
from intercrossing. It is dear on general grounds that wherever 
such crossii^ is possible, whether it results m fully fertile, partly 
fertile, or infertile offspring, or is itself wholly sterile, its occur- 
rence will usually be a biological disadvantage. This is obvious 
whenever loss of fertility is involved: on the average, individuals 
whose mating produces no offspring, or offspring which them- 
selves show partial or complete infertility, will be less fully 
represented in later generations than individuals whose matings 
are fully fertile. But even when the ofi&pring of two distinct 
types are fully fertile, their production may be a disadvantage. 
This will be so when the parent types are ecologically well 
adapted to distinct environments or modes of Ufe: for ex hypothesi 
their hybrid products will be less well adapted. 

Accordingly we may expect natural selection to operate to 
prevent the crossing of related but distinct forms under the 
following conditions: (i) when the two forms overlap spatially 
and consequently have the opportunity of interbreeding; and 
{2) either, {a) when divergence has proceeded far enough for 
crossing to be attended with reduction in fertility, of whatever 
nature; or {b) when the two forms arc subject to strong selection 
adapting them to distinct environments or modes of life. 

We shall, on the contrary, not expect such special barriers to 
mating to be erected when (i) the two forms do not overlap 
spatially; or (2) they overlap spatially but are capable of pro- 
ducing fully fertile offspring, and are further not subject to 
strong selection promoting adaptive ecological divergence. 

Let us see how these deductions work out in practice. The 
simplest method by which related forms can be prevented from 
crossing is by the possession of distinct breeding seasons, and this 
is frequently found to occur. An inspection of the breeding 
seasons of the marine animals of the Gulf of Naples shows many 
examples, and a number of cases arc known among flowering 
plants, moths, etc. 
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This, however, is not always practicabk. In temperate and 
arctic climates, it is inevitable that the bulk of the bird species, 
for instance, will breed at almost the same period, and the same 
will often apply to flowering plants. With flowerit^ plants, 
various alternatives are possible. Either the flowers nuy open 
at different times of day; or a sharp distinction in colour or form 
of flower may be evolved, which, since bees tend to visit a* 
number of similar flowers in series, will reduce the dhance of 
cross-pollination; or the two forms may become adapted to 
pollination by different species of insects. Factors ma|dng for 
reduced fertility of foreign pollen may also be encouraged. 

With higher animals, the most obvious method will be the 
encouragement of specific mating reactions. Numerous inter- 
esting cases of this exist. InDrosophita, no example is know^ where 
diflerent species will mate as readily as do individuals of thi^ same 
species. Races A and B of D. pseudoohtcura almost certainly difler 
in the males’ sdmulating scent. The sprosser and the nightingale 
will mate in captivity, but do not do so in nature (pp. 246, 254). 

In general, it will be foimd that among birds and other higher 
animals overlapping and related forms frequently differ markedly 
in regard to some character connected with recognition. These 
recc^;nitional characters may be auditory, visual or olfaaory, 
and they may be common to the group as a whole, or confined 
to one sex. In any case, they often have a function in relation to 
keeping the group defined and preventing interbreeding with 
other groups, though they may and normally will have other 
functions as well. For instance, in gregarious animals, recog- 
nitional characters common to all individuals may serve to keep 
the group together on migration or to give warning on occasions 
of danger, or may enable the young to recognize their parents 
or others of the species, or prevent mating with members of 
closely-related species. Recognition characters confined to one 
sex, in addition to facilitating recognition by offspring, may 
serve for recognition between the sexes, or between members 
of the same sex, or both (e.g. the “moustache” of the mak 
flicker, Colaptes auratus, Noble and Vogt, 1935; and see dis- 
cussion in Huxley, 1938c); or have some sexually selective fuhe- 
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don, either in regard to dioice of mate, as in ruff or blackcock, 
or in promoting readiness to copulate, as apparently with most 
monogamous birds. In all such events, however, any marked 
difference between the recognition characters of related forms 
will have a function which we may call that of group disHttaive- 
ness, in that it will promote the unity of the group which it 
characterizes and give it a sharper biological dchmitation from 
odicr related groups (see also p. 545). 

Lorenz (1935) has emphasized the biological value of distinc- 
tiveness as such in all characters serving to eUcit behaviour- 
reactions in other individuals (allaesthetic characten: Huxley, 
1938c); but he has not emphasized this frequently superadded 
function of group distinctiveness, which is of biological value 
only in so far as it keeps groups apart: see also Lack (1941).* 

As examples of distinctive characters serving as barriers against 
intercrossing, we may note the fact that bird species that are 
closely similar in appearance and overlap spatially frequently 
differ strikingly in their calb and songs. This b best exemplified 
in the songs of the three British species of Phylloscopus, the 
chiffehaff {Phylloscopus collykita), willow warbler (P. trochilus), 
and wood warbler (P. sibilatrix), notably the fint two. It was 
by their songs that Gilbert White in 1768 was able to be the 
first to distinguish all three. Other good British examples arc 
the meadow and tree pipits, and the marsh and willow tits 
(p. 270). As Mayr (1940I)) writes of certain almost indistinguish- 
able overlapping species of minivet {Pericrocotus), Cisticola, etc., 
“the birds themselves are apparently not deceived, tliough the 
taxonomists are”, since hybridization seems not to occur. 

Song in these forms thus has a dual function. Since its primary 
function is to advertise the possession of territory, it must be 
striking; but since a secondary function b to advertise the fact 
only to members of the same group, the song of related and 
overlapping forms must be markedly different. It is both dis- 
tinctive per se and ako group-dbtinctive. 

♦ Molony (1937) in a recent book has done useful service by drawing atten« 
tion, from the standpoint of a field-naturalist, to die group function of recognition 
marks, especially in kecpbig the young in the group and within the group 
tradition. 
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Heinroth and Hcinroth (1924-6; vol. i, p. 49) have a general 
discussion of the songs of the thrushes (TurJus), which illus- 
trates the same principle. 

ft is interesting to note that the marked didferend^tion of the 
various species in song bears no obvious relationship to their 
equally striking differentiation in visual appearance. In visual 
appearance, the original thrush type (brown with spotted under- 
parts) has been modified in various species (primarily in the 
males) by the addition of striking characters like the black head 
and chestnut breast of the American robin {Turdus migratmus) 
or by a total transformation as in the blackbird (T. Anemia) 
or the ring ouzel (T. torquatus). This striking differentianon in 
visual appearance due to the need for specific disdnctive^ss is 
seen in many other birds, either in the males only or in\both 
sexes. Obvious examples include that between the whinchat and 
stonechat {Saxicola rubetra and 5 . torquata); the special colora- 
tions of the goldfinch {Carduelis carduelis) or the redpolls (C. 
jiammea) compared with other members of the genus; the white 
nape-patch of the cole tit {Parus ater) as against its absence in the 
marsh and willow tits; the colour of the crest in goldcrest and 
firecrest {Regulus regulus and R. ignicapillus) respectively; the 
general colour of the blackbird {Turdus tnerula), as against the 
more typical brown and spotted song-thrush (T*. philomelus), 
and the white breast-crescent of the ring ouzel (T. torquatus) 
as against its absence in the blackbird; the strikingly different 
coloration and pattern of the males in related" species of duck — 
these are all presumably examples of this difference-funrtion. 
Lack (1940a) has recently shown that one important function of 
beak^ze and -shape in the ground-finches {Geospizidae) of the 
Galapagos is to facilitate specific recognition for mating purposes. 

It is tempting to suppose that the striking difierence in colora- 
tion between the males of the chalkhill and Clifton blue butter- 
flies (p. 285) serve as sexual recognition characters of this type; 
but experimental evidence is lacking in this case, and what exists 
for most other Lepidoptera makes it appear that any preparatory 
visual recognition is of females by males (except in Hepialus). 

A more directly sexual character keeping related species from 
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crossing is found in the dart or spiculum moris in the overlapping 
snail species Cepaea hortensis and Cepaea nemoralis. That of 
nemoralis is bigger and more powerfully ejected than that of the 
other; as a result, if members of the two species attempt to 
pair, the weaker fails to provide adequate sexual stimulus, while 
that of the other is so powerful that it causes the weaker to 
shrink away (Diver, 1940, p. 326). 

In the decrmice Peromyscus, several cases occur of distinct sub- 
species sharing the same geographical area but being adapted to 
different habitats. Thus in P. maniculatus (Dice, 1931) members 
of short-tailed prairie-dwelling subspecies may overlap with mem- 
bers of various long-tailed woodland-dwelling forms. Speci- 
mens of P. m. os^oodi and P. m. artemisii may even be caught in 
the same traps. Wc may conjecture that in this last case the 
discontinuity is here preserved by some difference in mating 
reactions. The same appears to be true for the two good species 
P. leucopus, the wood-mouse, and P. j^ossypinus^ the cotton- 
mouse, the former northern (and western), the latter southern 
(Dice, I940<i). Though interfertilc in captivity, the two remain 
perfectly distinct in the small area where their ranges overlap. 
Dice considers that this psychosexual type of isolation is the major 
one in Pcnwiyscus] ecological isolation may occasionally reinforce 
sexual, but tends to break down at the margins of habitat zones, 
where the ecological relations are somewhat abnormal. This is 
doubtless not general, though Spencer (1940) regards psycho- 
sexual and reproductive barriers as primary in the differentiation 
of Drosophila, In the garter-snake, Tbamnophis ordinoides, eco- 
logical differentiation, largely related to terrestrial or aquatic 
habit, may be primary (Fitch, 1940); aquatic habit, which arises 
in arid areas, permits much larger size; different ecological 
subspecies frequently come to overlap geographically. 

Where neither psychosexual nor ecological isolation is opera- 
tive, two (or more) subspecies which meet owing to range- 
changes may fuse into one. Botli Dice and Sumner, the two chief 
authorities on the biotaxonomy of tlie genus Peromyscus^ consider 
thatsuch polyphylctic subspecies arenotinfrequentinit (seep. 248). 

Besides such sexual characters which act as barriers to inter- 
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crossing by promoting assortative mating, non-sexual recognition 
characters may have a similar effect by keeping members of a 
species together. The distinctive wing-bars of various related 
birds (e.g. sandpipers, etc.), or the striking and diversely coloured 
specula on the wings of different species of ducks will serve as 
visual examples, while there are innumerable cases of group- 
distinctive but non-sexual call-notes. 

Olfactory characters, of course, will play a part in groups 
like mammals and insects where the sense of smell is more 
important than it is in birds. It is probable that such characters 
are group-distinctive in Drosophila. I 

It must be admitted that there are many cases where no wholly 
satisfactory explanation of the absence of intercrossing Mtween 
overlapping and related species is as yet fortlicoming.\ Diver 
(1940) has enumerated some of these ; for instance, that ’ of the 
numerous and often scarcely distinguishable species of the grass- 
moths of the genus Crambus, many of which may be found on 
the same ground. We may presume that slight but distinctive 
olfactory stimuli control the mating-reactions, but this is purely 
hypothetical; and the problem of initial divergence remains. See 
also A. P. Blair (1941) on overlapping species of tree-frogs. 

These examples will serve to substantiate our deduction that 
mating barriers of special type, often psychological, will tend 
to be created between closely-related species which show spatial 
overlap. But we also drew the converse deduction, namely, that 
such spatial barriers will not tend to arise between closely-related 
forms which have differentiated in separate geograpliical areas. 
For the adaptations involved will not, in general, be of so 
specialized a nature; and further, since during the early stages 
of divergence intercrossing will not occur at all, or only at the 
margins of the range (where environmental conditions also will 
be intermediate) there will be little or no opportunity for selec- 
tion to act. We shall accordingly expect a similar degree of 
character-divergence to be accompanied by fewer and lower 
barriers to intercrossing. 

An important faa supporting this deduction is that when 
forms which have differentiated in different regions later extend 
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their geographical range so as to overlap, intercrossing may occur 
freely, and the offspring be fertile. 

We have already mentioned examples of this, notably in the 
flickers in America, the crows and other birds in the Old World, 
and various plant species (p. 115). 

Another excellent case concerns the red grouse {Lagopus 
scotiais) of Britain and the willow grouse (L. lagopus) of Scandi- 
navia. These, though generally recognized as “good species*', arc 
closely allied, and their considerable differences are clearly the 
result of geographical divergence. However, there has been no 
pressure of selection operating to erect barriers to inter-crossing, 
and accordingly, whep cither species is introduced into the 
geographical range of the other, the aliens, contrary to the ex- 
pectation of the sportsmen responsible for the introduction, have 
not maintained themselves, but have quickly become incorporated 
into the indigenous species. A similar lack of barriers may exist 
between wholly unrelated moths. Mr. Ford tells me he has found 
male burnets {Zygaena Jilipendula) attracted by female oak- 
eggars {Botnbyx quercus). Here the waste arising from the actual 
production of hybrids is absent, and ecological preference normally 
isolates the two forms. 

Dobzhansky (1937, p. 258, and, more emphatically, 1940) is 
of the opinion that restriction on interfertility (in the broadest 
sense) will be brought about only by selection, whereas most 
authors believe that random accumulation of differences in stocks 
isolated from each other will in the long run inevitably lead to 
some restriction, whether by reducing the frequency of unlike 
matings or tlic fertility or viability ot their offspring (p. 371). 
There is no question that, even if an initial reduction of inter- 
fertility may be due to the accidents of divergence, it may subse- 
quently be increased by selection (p. 360). In this connection it is 
worth noting that in the case of the crows (p. 248) and the grackles 
(p. 251), the zone of intergradation is narrowest where the 
two forms are presumed to have been longest in contact, and 
where therefore selection aimed at the reduction of biological 
waste will have had more chance to exert its effects. It wopid 
be of the greatest interest to test individuals from the most 
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recent and the longest-established areas of contact to see whether 
they are in point of fact generally different in their psychosexual 
reactions or in the viability or fertility of their offspring. 


The problem is not simple. We must remember that related 
species now found together in one region may have differentiated 
in quite separate regions and have been brought together later 
by migration. The British Isles, for instance, contain represen- 
tatives of three or four regional faunas — ^Northern, /Central 
European, South-eastern European, and Lusitanian. Oiily after 
the end of the Ice Age were these brought together in ounislands, 
so that the ordinal differentiation of many forms, such\ as the 
common and mountain hare (p. 246) or the carrion and poodie 
crows (p. 248) occurred in different regions. ' 

There is also plenty of evidence to show that, as we should 
expect, character-divergence shows a correlation with genetic 
intersteriUty. In the deermice of the genus Peromyscus, Dice 
(193 3 i) has shown that whereas subspecies are mutually highly 
interfertile, and “good” species belonging to the same spedes- 
group, as defined by morphological resemblance, are moderately 
so, those belonging to different sped^groups are wholly inter- 
sterile. But the condition appears to differ for different types of 
animal. In deermice marked intersterility appears with a small 
degree of morphological difference (sub-generic or “sub-sub- 
genetic”). In pheasants, so far as the evidence goes, it begins 
with generic difference, and in some ducks at least, even genetic 
crosses hiay be quite fertile. There is also evidence that different 
types of Canidae may be interfertile in spite of wide taxonomic 
divergence. In any case this type of ste^ty is often assodateH 
with readiness to mate, and if so is quite different from the 
special barriers to intercrossing we have been considering, which 
usually operate to prevent mating rather than to rec^ce fertility. 

It is clear that many more facts are needed, based on the 
analysis of a large number of crosses between related spedes of 
ecological and geographical type. None the less, the following 
deductions appear to hold. First, that with the same degree of 
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general diaractcr-divergcncc (excluding characters promoting 
assortative mating and acting as barriers to interspecific crossing), 
types which have diverged in geographical isolation will show 
less eflcctive barricn, direa or indirect, to fertility, than those 
which show ecological divergence in the same area. But secondly, 
that as regards characters promoting assortative and impeding 
interspecific mating, the ecological type of spcciation within the 
same region will accentuate the degree of character-divergence, 
largely by promoting the evolution of characters accentuating 
group-distinctiveness (p. 289). 

This last point is clearly valid, since such characters are only 
serviceable if they are immediately recognizable, or at least 
sharply and qualitatively distinct. It is further likely that ecological 
but spatially-overlapping differentiation will promote a more 
rapid and thorough divergence in general characters, since more 
complete adaptation to the two ecological niches will be an 
advantage to both spedcs. And for this reason it will be difficult 
to attach precise meaning to comparisons as to degree of diver- 
gence between the ecological and the geographical types of 
spcciation. What we can say, however, is that when the degree 
of general character-divergence between two overlapping species 
is shght, and we yet find considerable barrien to intercrossing, 
wc shall expect to find lower barriers between two nonnjvcr- 
lapping (geographically isolated) spcdcs with the same degree 
of character-divergence. And this, so far as wc can judge on the 
evidence at present available, is true. 

4. BIOLOGICAL DIFFERENTIATION 

A special type of ecobiotic divergence, and one which from its 
practical bearings has recently received a great deal of attention, 
is that usually known as biological (or physiological) dtilcrcn- 
tiation. By this is meant the divergent adaptation of separate 
groups of parasites or phytophagous animals to particular hosts 
or food-plants. Reviews of the subject have been given by 
Tliorpe (1930, 1940), from which wc select most of our examples. 
(References given only for cases not cited from Thorpe.) 
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Hie most striking points about diis kind of dif&ientiatiQn arc 
as follows. First, all gradations are found from indpieat physio- 
logical subspecies to full species characterized by complete inter- 
stciihty and morphological differences. Secondly, however, the 
visible morphological divergence lags further behind the invisible 
physiological (including the reproductive) than in any other type 
of differentiation. Thirdly, barriers to intercrossing, largely it 
would appear on a psychological basis, appear to be speedily 
set up by selection between the diverging groups. And finally, 
the biological differentiation in its early stages appears usually 
to depend upon an interesting form of organic selectiojn (the 
Baldwin and Lloyd Morgan principle; p. 304) operating in its 
modificational phase through olfactory conditioning. \ 

Let us now examine some well-analysed cases in the li^t of 
these principles. The maggot of the Dipteran known as the 
apple fly {Rhagoktis pomonella) is very destructive to certain 
fruits. It appears originally to have been a parasite of a species 
of hawthorn (Crataegus) in North America, but this genus is 
now but rarely attacked. It exists in two main forms, differing 
in no visible characteristic except size, but confined to different 
host-plants, the larger attacking apples and related fruits, the 
smaller blueberries and huckleberries. The difference in size 
averages about 30 per cent, and there is no overlap. In some 
states, e.g. Maine, the “blueberry maggot” has been immemorially 
established, while the date of introduction of the “apple maggot” 
and the course of its subsequent spread are known. It is extremely 
hard to raise one form on the host-plant of the other. Crosses 
can be obtained artificially between the two forms, but only 
with difficulty, though the offspring are viable. There seems no 
question that the two forms are, reproductively speaking, good 
species, in spite of their morphological similarity. The original 
differentiation may have been into hawthorn and blueberry 
forms, the hawthorn type later becoming adapted to apples, but 
this is uncertain. 

The two forms of the Homopteran Psylla malt provide a very 
similar case. Here again the adults of the two types differ morpho- 
logically only in size, but are exclusively confined to apple and 
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hawthorn respectively. However, the difFerentiation lias gone a 
little further than in Rhagoletis, for it has so far proved impossible 
to make the one race lay eggs on the other’s food-plant, or to 
obtain cross-breedmg. In addition, slight morphological differ- 
ences have developed between the two types in the nymphal 
stage. An interesting point is that die hawthorn race is parasitized 
by certain Chalcids and Proctotrypids, but the apple race is not. 
Such forms, though for museum purposes it is convenient to 
leave them in the category of “biological races”, must be con- 
sidered by the evolutionary biologist as distinct species. 

A much smaller degree of divergence is shown by the bio- 
logical races of the ermine moth Hyponomeuta padclla, one being 
adapted to Apples, the other to hawthorn and blackthorn. No 
structural features separate the two, although there arc slight 
colour differences; the colour of the forewings in the species as 
a whole ranges from dark grey to pure white, and the dark 
forms are more abundant on hawthorn, the white form on 
apple. The apple form is usually a leaf-miner in its first larval 
instar, the other not; the pupae of the apple race arc usually to 
be found in neat packets or rows, with a dense cocoon, while 
those of the hawthorn and blackthorn race arc generally scattered, 
and the cocoon is very flimsy. 

If the moths arc given the choice of food-plants, they show 
a decided preference for their normal host (80 per cent in the 
case of the apple race, 90 per cent in that of the hawthorn one). 
Although the hawthorn and blackthorn “sub-races” arc indis- 
tinguishable in most ways, they arc actually separable on the 
basis of egg-laying preferences (80 per cent and 70 per cent for 
the hawthorn and blackthorn forms respectively). 

The food-preferences of the larvae also, tliough marked, are 
not fixed; they can be induced by starvation to feed on the 
“wrong” food, though the resultant imagines arc generally 
undersized and often infertile. Finally, the mating-preferences 
are only relative. Elaborate and large-scale experiments showed 
that the attraction between individuals of the same race was 
about twice as strong as that between those of different races. 

Owing to these various preferences, the diffi;rcnt races must 
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keep themselves fairly distinct in nature, although occasimial 
cros^g probably occurs. The races are thus “biological sub- 
species”, and deserve trinomial recognition. 

Some remarkable results have been obtained on cricket^. 
Thus in Oregon the snowy tree-cricket Oecanthus nivalis exists 
in two forms. The one race is a tree-dweller, and lays its eggs 
singly on the bark of apples and similar trees; the other lives 
in bushes, and lays its eggs in dense rows inside the pith of rasp- 
berries and similar shrubs. The two types show no visible differ- 
ences, but are immediately distinguishable by ear, the shrub 
race uttering its repeated notes with a frequency only abput half 
that characteristic of the other. The form found in theWastem 
United States resembles the tree race in its habits, but is charac- 
terized by a distinctive song of its own. It is always djificult 
and sometimes impossible to make the shrub form lay itS^ eggs 
on trees, and vice versa. 

Another cricket, Nemobius fasciatus, is in Iowa divided into 
several races readily distinguishable by song-frequency. Again, 
each race has its own ecological niche, but shows no or negligible 
morphological or colour differentiation. In various regions, the 
different races are found side by side. In this case crosses have 
been made between members of distinct races, and die results 
indicate that the song-difference is genetically determined, and is 
dependent on several interacting genes. 

Since the song of crickets is an epigamic character, and since 
recent work (cf. Pumphrey and Rawdon-Stnith, 1936) indicates 
that insects must rely specially upon differences in song-frequency 
(rather than pitch) for auditory discrimination, this seems a dear 
case of the evolution of a special barrier against intercrossing 
between ecologically-differentiated groups (pp. 287, 385). The 
different types are perhaps best regarded as well-marked sub- 
species, though well on the way to complete independence. 

In wood-boring beedes of the family Cerambycidae, results 
were obtained very similar to those in Hyponomeuta. Various 
species are differentiated into “biological subspecies”, normally 
confined to one or a few kinds of wood. In every ca^ (e.g. the 
hickory and wild grape strains of Cyllene pictus) the larvae can 
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be nude to abandon their preferences and to live on and even- 
tually even to prefer a different type of wood; but the difficulty 
of inducing altered habits, and the initial mortality, differed very 
greatly in different species. In one ease at least moderate assortativc 
mating preferences were exhibited. 

In Hawaii, in the beetle Plagithysmus, the process of biological 
differentiation appears to have proceeded further, to the stage 
of good species. Three species, each confined to its own food- 
plant, and apparently never crossing, may occur together within 
the space of a few yards. Distinct morphological differences 
between them exist, but arc so slight that one entomologist has 
written, “It is hardly conceivable that species can be more closely 
allied than these and yet remain distinct.” Such a judgment 
reflects the natural preoccupation of the taxonomist with visible 
structural diagnostics: we now know that groups may remain 
perfectly distinct though morphologically indistinguishable. 

Many forms of gall-producing insects (e.g. Cynips) are distin- 
guishable solely or mainly by the type of gall to which they give 
risc.Thcse will probably turn out to be adaptive “biological races”. 

Sometimes these biologically adapted forms arc also geo- 
graphically separated. Thorpe (1930) mentions tlie following 
illustration. In the Orient, the red scale Chrysomphalus aurantii 
is parasitized by a chalcid wasp, Camperiella bifasciata. But when 
this was introduced into CaUfomia to cope with the scale pest 
there, it was found to be useless. Although C. aurantii in Cali- 
fornia is indistinguishable from C. aurantii in the Orient, it must 
be different physiologically, for though the chalcid parasite lays 
its e^s on it, the larvae arc always destroyed by phagocytosis, 
instead of developing freely at its expense, as in the Orient. 

It is interesting that the concept of biological races in wood- 
boring and phytophagous insects was advanced sixty-five years 
ago by Walsh, but that his conclusions remained virtually un- 
noticed until 1923. 

Biological races of this type arc not confined to insects, but 
ate found ako in many other groups, such as Arachnida, Nema- 
toda. Protozoa, Bacteria, Fungi, and some higher plants. Among 
the latter, the different races of mistletoe may be mentioned. 
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each characterized by abiUty to parasitize a particular host (p. 308). 

In Arachnida, the evidence, though not fully conclusive, makes 
it very probable that the mange-mites of the species Sarcoptes 
scaber are split up into biological races each adapted to a par- 
ticular host — goats, sheep, camels, dogs, horses, guinea-pigs, 
rabbits, men, etc. 

In the free-living mites of the genus Paratetranychus, the process 
has continued to full speciation, P. pilosus attacking only fruits 
of deciduous trees, and P. citri only citrus fruits. Though cross- 
mating occurs readily, it is never fertile; there are very slight 
morphological differences (so slight that the two formls were 
long regarded as belonging to a single species), and also slight 
differences in habits, egg-laying and food preferences, md in 
distribution. \ 

The “red spider” {Tetranychus opmtiae) introduced into \ Aus- 
tralia to combat the spread of prickly pear (Opuntia) is morpho- 
logically identical with the “red spider” of orchards and gardens, 
but is entirely confined to Opuntia, and appean always to starve 
to death on any other food-plant. Here we have complete bio- 
logical separation, but no visible divergence. 

Among Nematoda, Tylenchus dipsaci appears to be well- 
difierentiated into biological races, e.g. fhe strawberry race and 
the narcissus race. In Heterodera radicola, on the other hand, the 
various biological races can be made to adapt themselves to new 
hosts without much difficulty. 

Among Protozoa, the trypanosomes show well-marked “bio- 
logical races” adapted to different hosts (see e.g. Duke, 1921), 
but in these unicellular forms it is not certain to what extent 
the phenomenon is due to Dauermodijikationen induced by the 
different conditions. 

In Myxosporidia, similar physiological races also exist (Fan- 
diam. Porter and Richardson, 1939). 

The phenomenon of biological differentiation seems to be of 
common occurrence in certain fungi. The few examples which 
follow are taken from the summary by Ramsbottom (1940}. 
The changes known to mycologists as saluaion seem probably 
to be akin to the so-called “munitions” of bacteria (p. 131), and 
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in some cases at least to the Dettsemodifikatkmm of Protozoa. 
In any case, in pathogenic forms they often result, as in bacteria, 
in changes of virulence towards particular host-strains. In the 
rusts (Uredineae), what appear to be true biological races are 
widespread. Sometimes the parasitism is so strict that host-spedes 
may be identified by its means, as when, in the difficult group 
of willows, one species was identified by its reaction to the rust 
Melampsora ribesii-purpurea. Similarly some rusts occurring on 
separate but related hosts, and with specific Ufe-historics, often 
show close morphological resemblances. In such cases we ate 
clearly dealing with biological difierentiation which has passed 
the species-level. 

The Puainia of grasses show the same phenomenon at the 
level of “biological races”, but pushed to an extraordinary degree 
of diversification. Thus from one originally recognized “species” 
P. graminis, a second, P. phlei-pratensis, parasitizing Phleum, was 
divided off some thirty years ago. The restricted P. graminis, it 
was then found, could be divided into six “forms”, according 
as the host-plant was wheat, oats, rye, or various grasses. Each 
of tliese has now been shown to consist of numerous minor 
biological races, varying in regard to their infective specificity 
for various strains of the host-plant; thus some seventy “physio- 
logic forms” have aheady been detected within the main wheat 
form. Ramsbottom considers that the “species” P. graminis 
includes at least a thousand separate biological strains, each con- 
serving its physiological peculiarities with “remarkable con- 
stancy” (see also below, p. 308). 

It is of great biological interest to find that this veritable army 
of biological races, which in one phase of its life-history is speci- 
fically adapted to several genera and a great many full species 
of grasses and cereals, is restricted during its other phase to 
quite a few species of the two genera, Bcrfieris and Mahonia. 
Two strains which cannot live on the same grass can an 4 do 
live on the same barberry. This unequal specialization is doubtless 
due to the unequal taxonomic differentiation of the two types 
of host-plant, and must assuredly have been accentuated by the 
artificial production by man of new strains for the grass phase 
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to invade. It is an excellent example of adaptation localized in 
time to a particular part of the life-history (cf. p. 424). 

Of biological differentiation in bacteria we shall not speak, 
since it is not certain, owing to the absence of sexual reproduction 
in members of this group and their consequent different type 
of evolution, whether it really represents the same phenomenon 
as in higher organisms (p. 131). This at least can be said — that 
strains differing in virulence and in various important biological 
and biochemical properties do exist within types that appear homo- 
geneous by ordinary criteria, and that the phenomenon in bacteria 
and higher organisms must rest on a common and fundamental 
capacity for physiological adaptation of strains within a woup. 

It remains to discuss the evolutionary origin of bimogical 
differentiation in animals. For a considerable time it waa sup- 
posed that this was a lamarckian phenomenon, and vitrious 
experiments apparently supporting this view were adduced. To 
take but one instance, J. W. H. Harrison (1927) studied a sawfly, 
Pontania salicis, whose larvae produce galls on willows. This 
“species” contains a number of distinct biological races, each 
normally confined to a particular species of willow, and each with 
specific egg-laying preferences. However, he was able to convert 
the biological race normally confined to Salix andersdniana into 
one adapted to S. rubra, by restricting specimens for four years to 
plants of the latter species. The experiment was continued for 
three further years, during which a choice of both species of 
willow was provided, but the strain remained true to its new 
host. It is to be noted that the mortality in the first generation 
was very high, and that only gradually was a race established 
which cduld be said to be adapted to S. rubra, 

Thorpe cites numerous similar cases, but this appears to be 
the most thorough of what we may call the preliminary researches 
on this point. Lately, however, Thorpe himself has carried out 
beautiful experiments which demonstrate that the lamarckian 
interpretation is neither necessary nor tenable. He first of all 
(Thorpe and Jones, 1937) reared the ichneumonid Nemeritis 
canescens, which normally parasitizes only the larvae of the meal- 
moth Ephestia kuhniella, on those of the wax-moth Achroia 
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grixlla. Hds resulted in a significant change in the responses 
of the adult females. All female imagines of the species possess 
a genetically-^termined response to the smell of Ephestia; but 
those which have been reared as larvae on Achroia, or have been 
brought into close contaa with it immediately after emergence, 
show in addition an attraction to Achroia which those from 
normal hosts altogether lack. Later work showed that this result 
of larval conditioning depends on a general tendency to be 
attracted by any olfactory stimulus characteristic of a favourable 
environment (Thorpe, 1938). 

Further work with Drosophila melanogaster (Thorpe, 1939) has 
extended these results and shown their general applicability to 
non-parasitic as well as parasitic insects. Whereas adult fruit- 
flies are normally repelled by the smell of peppermint, those 
which have been reared on a synthetic food medium to which 
peppermint essence has been added, are markedly attracted by 
the smell of peppermint when tested in an olfactometer. Further, 
this response is not abolished (though it is somewhat reduced) 
by washing the fully-fed larvae or newly-formed puparia free 
of all traces of the medium and of the peppermint essence, thus 
proving that influences operative only during the larval phase 
can influence adult behaviour. If not reinforced, the influence 
gradually disappears and becomes extinct after about a week. 
Finally, in Drosophila as in Nemeritis, it was found that exposure 
of the adult insects only, immediately after emergence, to the 
smell of peppermint brings about positive conditioning even if 
the smell is not associated with any favourable aspect of the 
environment — the mere fact of the occurrence of the stimulus 
at this time brings about subsequent attraction to media con- 
taining the same substance.^ 

To use Thorpe’s own words, “the theoretical importance of 
such a conditioning effect is that it will tend to split a population 

* As Thorpe (1939) suggests, these results may also explain the interesting 
results obtained by Sladden and Hewer (1938). the food-prcfcrcnccs of stick 
insects, for which, prior to Thorpe’s work, a 'lamarckian interpretation seemed 
almost inevitable (sec p. 459). It will be of the greater interest to test Sladden’s 
results in the light of Thorpe’s methods, and with a species capable of sexual 
reproduction. 
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into groups attached to a particular host or food-plant, and 
thus will of itself tend to prevent cross-breeding. It will, in 
other words, provide a non-hereditary barrier which may serve 
as the first stage in evolutionary divergence”. We have here a 
beautiful case of the principle of organic selection (p. 523), as 
enunciated by Baldwin (1896, 1902) and Lloyd Morgan (1900), 
according to which modifications repeated for a number of 
generations may serve as the first step in evolutionary change, not 
by becoming impressed upon the germ-plasm, but by holding 
the strain in an environment where mutations tending in ^e same 
direction will be selected and incorporated into the constitution. 
The process simulates lamarckism but actually consists in the 
replacement of modifications by mutations (see also Osborn, 1897). 

That such a replacement has actually occurred in the forfiiation 
of biological races in insects is strongly indicated by the high 
mortaUty that, in Harrison’s experiments with Pontaww and many 
other cases, often attends transference to a new host. Harrison was 
able to transfer his sawflies to a new host-plant by means of their 
olfactory conditioning mechanism, but only at the expense of 
ehminating those that were genetically best adapted to the old host. 
Had previous genetic adaptation gone further, olfactory condition- 
ing, while it might still have induced oviposition on the strange 
host, could not have given rise to a viable strain upon it. 

Once genetic adaptation to a particular host has begun, selec- 
tion will step in to prevent the biological waste which would 
be caused by the desposition of eggs on other hosts. The mechan- 
ism of olfactory conditioning provides a certain reserve of 
plasticity; but this plasticity will become hedged about by 
genetic safeguards. Genetically-determined attractions to the 
normal host will become established, and also specific assortative 
mating reactions to prevent cross-mating. Thus ecobiotic isola- 
tion here has the same general effects as geographical or ecotopic 
isolation, but operates by rather a different mechanism, and 
follows a somewhat difierent course as regards the degree of 
divergence in morphological, physiological, and reproductive 
characters respectively. 

Organic selection, but of a quite different type, appears prob- 
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ably to be opendve in lice {Pediculus', sommary in Thorpe, 
X930). As is now well known, though die human body-louse 
and head-louse ate so distinct morphologically that they have 
received did^rent names, yet head-hce can be transformed into 
the body-louse type by being kept on the body for four genera- 
tions. Unfortunately no data exist as to the initial mortality, 
though the change seems to have been readily ed^ed. The 
two types also exhibit biological diderences. Head-lice feed more 
frequcndy but take smaller meals, are more active at lower 
temperatures, climb more actively, and exhibit egg-laying pre- 
ferences for hair as against cloth. The two types must be con- 
stantly exchanging memben by migration. It would seem that 
we are here wimessing the incipient phase of a process of organic 
selection, in which most of the quite well-marked differences 
between the two forms still depend on modi&cadon. However, 
anything which intensifies selection for closer adaptation would, 
we may prophesy, speedily bring about genetic and reproductive 
divergence. Nuttall suggests that, if man becomes progressively 
more hairless, body-hcc alone will survive. If so, many of their 
adaptive peculiarities should become genetically fixed by selection 
(but see dso Buxton, 1940; Parasitol: 32 ; 303). 

Organic selection may also operate in song-birds. Some basis 
for song is certainly fixed genetically in all birds, and in some 
species this is the whole story. In others, however, there is con- 
siderable plasticity, and much of the song is learnt by the youi^ 
birds from their parents or other adults. Thus Baltimore orioles 
{Icterus galhula) reared in isolation developed a sor^ totally 
unlike the normal, and retained it throughout their lives. Other 
Baltimore orioles reared with them learned this song and sang 
it exclusively, even after their foster-parents’ death (W. E. Scott, 
1901-2). By isolating young canaries and allowing them to hear 
only the song of the nightingale (on gramophone records) it 
has been possible to produce a strain with a song intermediate 
between die canary and n^htingale type.* 

Numerous data on the subject are scattered through the 

* A brief reference to this experiment is made in J, Om. 75: 24^ (^927)» 
Dr. E. Mayr tells me that it was carried out by a fancier named Reich, but that 
complete proof was not supplied. 
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Hdiuoths’ monumental work (1934-6); sec also O. Heinrodi 
(1924), Stadler (1929). In the blackbird {Turdus meruta), the 
duBfchalF {PhyUoscopus coHybita), the grasshopper warbler (Locus- 
tella ttaevia) and the short-toed treccrcepcr (Certhia brachydactyla) 
song is innate, and is quite normal even in males reared without 
hearing others of their own species sing, whether in isolation or 
exposed to the songs of odier species. 

On the other hand, the whitethroat (Sylvia commmis), the tree 
and meadow pipits (Anthus trivialis and A. pratensis), the green- 
finch (Chloris chloris), and the chaffinch (Fringilla coelebs) have to 
learn their songs. Yout^ males if kept in isolation produce a quite 
abnormal song, e.g. those of the untaught tree pipit and mradow 
pipit resemble the natural songs of grasshopper warbler and\serin 
finch (Serimis canaritts) respectively, while that of the unt;^ght 
chaffinch is not unlike that of a lesser whitethroat (Sylvia currUca)^ 

It is not easy to discover on how many cases the Heinroths’ 
conclusions are based, and possibly the reality is not quite so 
clear-cut. However, the general conclusion that some species 
have to learn tlieir song seems inescapable. 

Forms in which song is not innate wiU, if kept with other 
species, learn from them. Thus a whitethroat and a linnet (Car- 
duelis cannahina) reared together both had an identical song, 
resembling a mixture of a robin’s and a skylark’s. 

There seems to be a predisposition to learn the normal song; 
thus a nightingale whidi mimicked the songs of various species 
with which it had been reared, very rapidly learnt its normal 
song on hearing it next year. 

Other species if kept isolated will produce an imperfect version 
of the normal song, and will learn more or less thoroughly from 
other species. Thus the untaught yellowhammer (Emberiza 
dtrinella) never develops the complete natural “phrasing”: one 
kept with a normal linnet developed a song extremely like a 
linnet’s! The robin (Erithacus rubecula) and blackcap (Sylvia 
atricapiUa) fall into this category. The song of the soi^-thrush 
(Turdus ericetorum) is almost wholly innate, but can be sl%;btly 
modified by “learning”; the skylark (Alauda arvensis) has a soi^ 
which must be almost wholly Icamt. 
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It would be expected that simple songs would be innate, 
elaborate songs learnt. But while this is true for simple songs like 
the chiSchafF s and for more elaborate songs like the white- 
throat’s, the elaborate song of die blackbird is innate, and the 
relatively simple soi^ of the chaffinch has less innate basis than 
the blackcap’s very elaborate song. 

Members of the same group may diffor radically; thus the 
warblers (Sylviinae) include all forec types, e.g. chiffehaff (innate), 
blackcap (pardy innate) and whitethroat (wholly Icamt). 

In most Oscincs the call-notes are genetically determined, but 
in die whinchat {Saxicola rubetra) and several finches some or all 
must be learnt. A goldfinch kept with a budgerigar developed 
call-notes entirely of budgerigar type. In all other groups of 
birds, the call-notes are wholly innate. 

One might further expect that learnt songs would be more 
variable in nature than innate ones; but this docs not seem to 
be the case (except possibly for the chaffinch). 

The need for distinctiveness gives a possible clue to die origin 
of diis extraordinary phenomenon. Granted die widespread 
capacity to imitate the notes of other species, which appears to 
be widespread among Oscines (though to a very varying degree), 
the character of a song could be much more rapidly altered 
modificationally, by learning from exceptional performers, than 
genetically; and this would be advantageous widi two related 
species, originally with very similar songs, inhabiting the same 
area (cf. p. 289). The new learnt type of song might later be 
rendered pardy or wholly innate by mutation (organic selection; 
pp. 304, 523)- 

Barking in dogs and its absence in wolves are bodi non-genetic 
(Iljin, 1941); in certain conditions dogs cease barking, in others 
captive wolves begin barking like dogs. 

In fungi, no conditioning mechanism (p. 303) can operate, as it 
obviously depends on a high degree of nervous specialization. 
Recent research (T. Johnson and Newton, 1938) on the wheat 
form ofPuccinia graminis (see p. 301) show that the inbreeding (by 
selfing) of biological races brings about the appearance of many 
new types, apparently by the bringing to light of mendclian 
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recessives. Some of the new characters concern colour, others 
are semi-pathological, while still others cause a change in the 
life-cycle or an alteration in virulence. The authors point out 
that homozygosity in rusts like Puuinia must be rare. Thus 
the variety of biological races would here appear to be main- 
tained through a wide range of variability for those properties 
concerned with adaptation to various hosts, coupled presumably 
with widespread mortaUty of the non-adaptive combinations. 
If so, then we have a close parallel to the method by which 
ecoclines are established in higher plants (p. 275), and another 
case of marked divergence between plants and animals as to the 
mechanisms underlying adaptive diiferentiation. \ 

True physiological races do ocair in parasitic higher plants, 
e.g. the common mistletoe Viscum album (see A. \V. Hill, i^3o). 
Here, however, the mechanism of differentiation seems tp be 
similar to that in insects. This species comprises three main races 
or groups of races, one parasitizing deciduous trees, one firs 
(Abies) and one pines (Pinus). These are so strongly differentiated 
that the seeds of a fir mistletoe, for instance, will not grow on a 
pine or vice versa: visible di£krences between the races, however, 
are neg%ible. 


5. PHYSIOLOGICAL AND REPRODUCTIVE DIFFERENTIATION 

Biological races provide the best-analysed cases of evolutionary 
divergence which is wholly or primarily concentrated on physio- 
logical as opposed to morphological characters. However, there 
are numerous other examples. E.g. subspecies of rattlesnakes may 
show marked difierences in toxicity of venom (Baily, 1941): 
sec also p. 273. We have also referred to the preponderance of 
vocal divergence in ecologically differentiated species-pairs of 
birds with inconspicuous habits (p. 289). Geographical differen- 
tiation in song is, however, quite a general phenomenon in 
birds. For instance, Promptoff (1930) and Howard (1900, 1902) 
have studied the geographical variation in the song of the chaffinch 
(Fringilla coelebs), and find it quite marked. An interesting point 
stressed by Promptoff is that die characteristic differences in die 
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song of chaffinches are in part learnt by the young birds (Heinroth 
considers them entirely learnt; p. 306). Thus the different 
geographical groups will tend to maintain their song-diflferenoes 
in spite of a considerable amount of exdiange of populations 
through the wanderings of young birds — a rather special example 
of the principle of organic selection. Howard also noted geo> 
graphical variation in the song of several other species. In 
general, he concludes that a more humid environment is corre- 
lated with a lower pitcL In some species, e.g. blackbird {Turdus 
tnerula), cuckoo (Cuculus canoms), great tit {Parus major) and 
set^e-warbler {Acrocephalus schoenobaenus), he found marked 
geographical variation, while in others, such as yellowhammer 
{Emberiza citrinella) and cole tit {Parus ater) it was slight, and in 
still others, e.g. willow warbler {Phylloscopus trochilus), he could 
detect no differences. 

The Shetland subspecies of wren {Troglodytes t. zetlandicus) 
differs more obviously in song than in size or colour from the 
type subspecies, while the reverse is true for the St. Kilda form 
(T. t. hirtensis). We have mentioned the vocal divergence of 
crickets (p. 298). Without doubt similar phenomena await dis- 
covery in all groups in which sound is concerned with sexual 
recognition or stimulation. 

The recent intensive field study of birds has also brought to 
light many interesting examples of biological differentiation in 
habits. Thus the common robin {Erithacus rubecula), which is 
proverbially tame and an associate of man in Britain, elsewhere 
in its range frequents quite other habitats and may exhibit a very 
different temperament. For instance, in many parts of central 
Europe it frequents pine woods, and is not specially tame. In 
fact Heinroth and Heinroth (1924.-1926; vol. I, p. 10) are sur- 
prised at what they regard as the legend of its tameness, and say 
that robins in nature arc almost invariably shy and suspicious. 
Mr. H. F. Witlicrby informs me that both in Spain and in 
Corsica it prefers woods remote from human habitation, but 
whereas even in these situations it is tame in Corsica, in Spain 
it is very shy. 

Tameness may be genetically fixed in regions where normal 
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predators are absent. Thus in the Galapagos islands Mr. D. Lack 
tells me that a tyrannid flycatcher, Myiarchus, hopped all over 
him, endeavouring to remove hair from his head, beard, and 
armpits as nest-material; and Beebe (1924, p. 285) records that 
the local buzzard {Buteo galapagensis) can be approached to 
within two feet, and specimens have been captured in a butterfly- 
net! 

Individual and local peculiarities in such habits as nest-building 
have been noted in many species of birds. As an example we 
may cite Herrick (1939) on the American robin {Turdusirnigra-- 
torius). Thus in New Hampshire and Ohio the species ne\ier uses 
leaves in the construction of its nest, in spite of their abundant 
availability. In New England, where leaves arc ‘employed, a 
particular individual showed a marked preference for thpse of 
the silver maple. While these differences appear to be genetically 
determined, others depend on the availability of particular 
materials. Thus in the northern part of its range, where the 
birds are confined to stunted spruce woods, they construct a 
dense large frame of spruce-twigs, moss, and lichens, and are 
driven to use grass-blades or moss as lining in place of the cus- 
tomary mud or clay. In northern Maine, twigs arc employed for 
the frame in place of the customary grasses and weeds' and leaf- 
mould for the lining. Such differences in nest-construction, 
dependent on availability of material, provide yet another 
example of organic selection. Genetically determined preferences 
arc likely to be selected for later, to accentuate and fix the differ- 
ences imposed by the environment. 

The choice of nest-site itself may be changed by the environ- 
ment. Thus to take only a few from the wealth of possible 
examples, on the treeless island of Texel off the Putch coast, 
kestrels {Falco tinmnculus) breed on the ground instead of in 
branches (Van Oordt, 1926), and stockdoves {Columha oenas) 
m holes in the ground instead of holes in trees. Cormorants 
normally breed on rocky ledges; but in various places they have 
taken to nesting in trees. All such differences in habit, while 
or^inally mere modifications, afford a basis for further genetically- 
dctcrniined divergence of an ecological type. J. Fisher (19394, 
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CL ii) gives various examples of this plasticity both in regard 
to nest-site and nest-materi^ Instinctive habitat-sclcctiou cends 
to isolate bird species ecologically, but Lack (1940I1) considers 
that it plays little part in primary speciation, though it may 
help to keep differentiated forms from meeting and inter- 
crossing (see p. 254). 

Many birds occasionally lay eggs in the nests of other spedes. 
This aberration of reproductive instinct has without question 
formed the basis for the evolution of the various cases of repro- 
ductive parasitism seen in cowbirds, cuckoos, etc. Cuckoos may 
show further differentiation into strains adapted to different 
fosterer species (Jourdain, 1925). Among insects, the slave-making 
ants provide a parallel example of reproductive specialization. 

In migratory species of birds, difl^rentiation may be promoted 
by individuals remaining in their winter quarters to breed, and 
eventually establishing isolated breeding-groups. Among examples 
cited by Meinertzhagen (1919) are the breeding colonies of the 
bee-eater Merops apiaster in S. Africa, and of the sandpiper 
Totams hypoleucus in £. Africa. The common European swallow, 
Hirundo r. rustica, is suspected of breeding in Uganda. However 
established in the first instance, such groups would be repro- 
ductively isolated and might readily come to show visible 
differentiation. 

A remarkable combination of biological with geographical 
divergence is seen in Trichogramma (summarized in Thorpe, 1940). 
The American forms of this hymenopteran egg-parasite have 
been carefully studied, and prove to be characterized by bio- 
logically important differences in length of life-cycle (due to 
differences in temperature-optimum), accompanied by slight 
colour-differences. Though the various forms are primarily 
geographical, there is considerable overlap of distribution, proving 
die existence of some physiological or reproductive barrier to 
intercrossing. 

The biological differences are highly modifiable by environ- 
ment,; so that rearing under standud conditions is needed to 
demonstrate (hem. The differential diagnosis of natural forms is 
consequendy a matter of extreme difficulty. One authority on 
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the genus is reduced to describing a certain form as that “which 
has distinctly lemon-yellow females during the warm part of 
the active season”! 

This, like most cases of true biological races, has not been 
brought to hght by taxonomists, but by workers in applied 
biology. It is the economic importance of divergence in physio- 
logical characters in pests and counter-pests which has led to the 
discovery of this new type of taxonomic diversification. 

An interesting physiological divergence occurs in the termite 
Fomtettkreis Nasutitermes guayanae (Emerson, 1935). This^ can be 
divided into two distinct groups (considered by Emerson {as good 
species) according to whether the nests contain one or Another 
set of staphylinid beetle species as nest-parasites. The distinction 
is absolute, and is correlated with slight differences in the soldiers’ 
head-size, though the sexual forms are indistinguishable. Enierson 
(1934) also reviews cases where termite speciation is accompanied 
by speciation of the contained protozoan symbiotes. 

An even more curious case is that of the leaf-hopper Cicadulina 
mbile, which is divisible into two races solely on ability or inabiUty 
to transmit the virus of “streak disease” in maize (Storey, 1932). 
The difference in this case depends on a single gene (a sex-linked 
dominant), and is concerned with the penetrability of the gut- 
wall by the virus. Here wc would seem to have an “accidental” 
character present for unknown reasons in dimorphic balance 
with another. It is easy to see how, through the effect of the 
virus on the food-plant, it might become the basis for adaptive 
biological differentiation. But the two forms cannot yet be 
regarded as thic biological subspecies. 

Numerous infra-specific groups differing in Ufe-cycle and 
reproductive mechanism also exist. Thorpe (1940) gives examples 
of these. Thus the spurge hawk-moth comprises some individuals 
which are subject to an obligatory diapause in development, 
while others do not; some audioritics maintain diat the cock- 
chafer is divisible into groups characterized by three-year and 
four-year hfe-cycles; and so on. 

A peculiar type of differentiation has been analysed by de 
Laramberguc (1939, 1941) in the puhnonatc mollusc Bulims con- 
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tortus. Here some specimens lack a penis, and are therefore 
obligatorily self-fertilizing, hi certain localities such aphallic 
individuals constitute the vast m^otity of the population, in 
cithers they are almost absent. Aphallism has a genetic basis, but 
artificial selection in the laboratory has as yet been uiiablc to 
produce stocks in wliich all individuals either lack or j^sscss a 
penis. The condition may possibly be one of balanced selective 
advantage, comparable with that of gynodioecism in plants 
(p. 140; and see Mather, 1940). 

Reproductive divergence as a cause of spcciation is discussed 
by Hogben (1940). It may characterize related species. Thus 
in five species of the sea-anemone genus Sagartia five distinct 
methods of reproduction exist (Stephenson, 1929). It may 
also be of preadaptive advantage. Then we have die recent 
very rapid extension of range in the gastropod Paludestrim 
(Potamopyrgus) jenkinsi in the fresh waters of this country, while 
elsewhere it seems to be restricted to brackish waters (Robson, 
1923). Later work (Sanderson, 1940) shows that both British 
and continental types are parthenogenetic. The British form, 
however, appears to be tetraploid, and this may be the cause of 
its greater ecological tolerance. 

A somewhat similar case, but one in which the reproductive 
advantage seems to be causing the replacement of one type by 
another, not the extension of range of the species as a whole, is 
described by Crosby (1940) in the primrose. Primula mlgaris. 
In this normally heterostyled species, long homostyle plants 
(with pin style and thrum anthers) have been found in abun- 
dance in an area in Somerset, the abimdincc decreasing round a 
centre. If, as seems to be the case, these homostyle plants are 
normally self-fertilized, it can be calculated that, owing to die 
peculiarities of reproduction in heterostyle forms, the homostyles 
will increase at the expense of the two normal heterostyle 
types (see p. 222).* 

* The problem remains as to why the homostylc condition has not everywhere 
become normal, since occasional homostyles are found, presumably as mutants, 
ill numerous natural populations. Possibly the homostylc type which has become 
abundant is exceptionally fertile. In any case hetcrostyly has a long-term 
advantage in promoting out-crossing (see p. 107). 
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Various cases in insects are known in which geographical 
races differ in reproductive methods. Thus in Diprion polytomum 
S. G. Smith (1940, 1941) finds that, though all races are capable 
parthenogenesis, in some the unfertilized eggs produce 
only males, in others females plus a few functionless males. In 
adchtion, the types differ in chromosome-number, so that the 
divergence is also a genetic one. There are some other physio- 
logical differences, but no morphological distinctions. Vandcl 
(1939) ill ^ woodlouse of the genus Trichoniscus, the 

triploid parthcnogenetic form is much more resistant I to low 
temperature and aridity than the diploid sexual form, and has a 
correspondingly wider distribution. \ 

The triploid and autotctraploid varieties of numerous^ plants 
and some animals also fall into this category. These oftenl differ 
in consequential characters affecting size, vigour, temperiture- 
resistance, etc., and often in the prevalence (obligatory in triploids) 
of non-sexual mediods.of reproduction (see p. 335). 

We have already mentioned the primarily physiological differ- 
entiation of the forms of Carabus nemoralis (Knimbiegel, 1932), 
the physiological characters of the geographical races of Lyman- 
tria (p. 216), and the geographical differences of teijiperature- 
resistance in Drosophila funebris (p. 191). Similarly, on the species 
level, the North American grape Vitis labrusca is much more 
cold-resistant than the European grape, and crosses with it can 
be used to confer cold-resistance on wine-grapes to be grown 
in climates with low winter temperature (Wellington, 1932). 
Eloff (1936) has shown that local genetic differences occur in 
Drosophila melanogaster as regards the tropisms of pupating larvae, 
those from a certain area in S. Africa pupating on or in the wet 
culture medium instead of creeping up to a dry situation. 

The differentiation of the genus Gammarus seems in many 
cases to have been primarily physiological, in relation to salinity. 
A salient example is G. tigrinus, recently described by Sexton 
(1939)* Its morphological differentiae are quite slight, but it is 
characterized by an exceptionally high range of tolerance for 
salinity and dissolved substances in general, which results in its 
being restricted in nature to inland waters of peculiar composition. 
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The case of G. zaddachi (Spooner, 1941, and see J.'Mar. Biol. 
Ass., 24 : 444) is even more interesting. This is essentially a 
brackish-water species, which in short estuaries in the west of 
England exists only in a low-salinity form. In long estuaries, 
however, a high-salinity form also exists, nearer the sea, and 
exhibits visible differences in a few minor characters. Though 
the two types are so similar, and though their zones somewhat 
overlap, there is no intergradation in nature, and in captivity, 
though diey will mate and occasionally produce eggs, they are 
intersterilc. These are clearly incipient physiological species, but 
the origin of the genetic barrier between them is as yet obscure. 
It is possible that in Germany the ecological relation of the 
species, and its differentiation, may be somewhat different. 

The non-migratory (land-locked) and migratory forms of 
salmon, as well as the non-migratory brook and lake forms and 
the migratory form of the trout (Tcheniavin, 1939) provide us 
with another type of physiological differentiation. The distinc- 
tion between the non-migratory and migratory forms seems in 
some cases to have been compulsorily imposed by geographical 
changes resulting in some types becoming land-locked, and 
further differentiation, some of it adaptive, to have occurred 
subsequently; in others, however, no such isolation can have 
taken place, and the behavioural divergence must be primary. 
As we have already seen (p. 282), a somewhat similar divergence 
has occurred in lampreys. 

“Preadaptations” which might give rise to physiological 
differentiation are probably not uncommon. Thus Cause and 
Smaragdova (1939) find that the sinistral form of the snail 
Fmticicola Icmtzi loses weight more rapidly than dextrals when 
starved. A species of American salamander contains two types 
differing in the size of their red blotxi-corpusclcs (Finn J. B., 1937; 
J. Hercd., 28: 373). The frizzled fowl (p. 118) provides an excellent 
example occurring under domestication where the preadaptive 
mutation has actually been utilized. Sec Chap. 8, § 5, for further 
examples. 

We may conclude with a very extraordinary example of 
reproductive divergence, described in detail by Meyer (1938) after 
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discovery by Hubbs and Hubbs (1932). They found a cyprinodont 
fish {MoUienisia formosa) which was characterued first by being 
always associated with one or other of two closely-related species, 
M. sphenops and M. latipinm, and secondly by consisting solely 
of females. Investigation revealed that the eggs of tliis species 
were activated by the sperm of the males of the other species! 
The one species is thus a reproductive parasite on the others, 
and mating occurs normally between it and them, though there 
is no resultant true hybridization. M. formosa itself, however, 
appears to be itself a natural hybrid, formed where the other two 
species meet, and maintaining itself in this peculiar fashion. 

These examples will suffice to show how widespread arc 
various forms of essentially physiological (non-morphological) 
evolutionary divergence. Thorpe (1940) concludes that cerWinly 
in most phyla, and probably in all, “there exist . . . g^ups 
of individuals which are undoubtedly distinct species in every 
sense except the accepted morphological one”. We have given 
numerous instances showing the phenomenon in its incipient 
stages. And a survey of any group will reveal many cases in 
which physiological and ecological divergence must have been 
primary, morphological distinctions having been added in the 
course of later evolution. 


6. SPECIAL CASES 

In this section we shall refer to certain peculiar types of taxo- 
nomic groups which do not seem to fit into any of the normal 
categories of evolutionary differentiation. The most interesting is 
that of certain mosquitoes and gnats. The existence of these 
groups, Uke that of biological races, was first detected owing to 
their practical importance — ^in this case, for human health. 

The intensive study of malaria had led to two apparently 
opposed views as to the methcxls to be used in eradicating the 
disease. The one, basing itself on the indubitable fact that malaria 
is transmitted by mosquitoes, urged that the insect vector must 
be eliminated; the other, adducing tiie equally indubitable fact 
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that improvements in housing, noubly in separating stables from 
human dwelling-places, often resulted in a marked drop in 
malaria incidence, was all for concentrating on “bonification’’ 
and the general raising of standards of living. Both have now 
been proved right — ^and both wrong: each method applies only 
to certain forms of malarial mosquito. 

The insect vector of human malaria in Europe is generally 
stated to be a single species of mosquito. Anopheles maculipennis. 
Recent work (see Ha^ett and Missiroli, 1935; Hackett, 1937; 
SwcUengrebel and de Buck, 1938) has shown that this “species” in 
reality consists of at least eight distinct groups, each with their 
own characteristics. No structural or colour differences between 
the adults of the various forms have yet been detected, or in the 
pupae; the larvae show shght structural differences, which in 
any case arc vaUd only when tested statistically. But each form 
can be immediately diagnosed by egg-characters, both its colour 
and pattern, and the size and structure of the egg-Hoat, and 
these are completely correlated with striking differences in habits 
and ecological preferences. In addition, each form has its own 
characteristic distribution, though there may be considerable 
overlap. Thus, to take but four of the forms, race typiem, with 
light grey eggs barred with black and large rough floats, breeds 
in fresh, pure, and usually running water, shows complete 
hibernation, refuses to breed in captivity, and neglects man 
entirely if other sources of blood (e.g. cattle) are available. It 
is mainly an inhabitant of mountain ranges. Race elutuSy on the 
other hand, has an unpattemed egg, without floats; it breeds 
in shallow stagnant waters, often brackish or quite salty, as it is 
the most tolerant to salt of all the races.* In its feeding habits 
it is the most strialy adapted to man, and prefers human blood 
even when animals arc also present. Geographically it is a southern 
form, confined to the Mediterranean region. Thirdly, we have 
atroparvusy a northern form with dappled eggs, and small smooth 
Boats. It breeds by preference in cool and slightly brackish waters, 
and mates readily in small cages; it is unique in that the males 

* This race shows a further physiological subdivision, since in Palestine it 
appears to lack this high tolerance, and is there confined mainly to fresh water 
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do not assemble in swarms. It winters in rather warm places, 
showing only partial hibernation, and feeds at irregular intervals 
during this period. It tends to have rather short wings (averaging 
about 10 per cent less than in race messeae). It will bite both 
man and animals, and a considerable proportion may be attracted 
away from man to animals, notably pigs and horses. In Holland, 
which has been carefully investigated, it and messeae are the 
two races chiefly present (with typicus occasionally found in the 
cast). Their distribution overlaps considerably, but in regions 
of more brackish water messeae is rare or absent, while! in fresh 
water it is in the majority, though not preponderantly sol 

Finally, race labranchiae, with pale, broad eggs and very small 
but rough floats, is an inhabitant of brackish and salt marshes 
in warm regions. Its hibernation is both short and very imper- 
fect, and it will bite man as well as animals, with rather more 
preference for man than atroparvus. 

As a result of these peculiarities, elutus is always associated 
with intense malaria, which can only be eradicated by destroying 
the mosquito or its breeding places, or preventing the insect’s 
access to man. Typicus, on the other hand, is of very little impor- 
tance as a malaria- vector, and raising the standard of life, by 
increasing the number of domestic animals and providing separate 
accommodation for them, will deviate it almost entirely away 
from man. Labranchiae is a serious malaria vector, which can 
only be partially deviated to animals; while atroparvus is a source 
of mild endemic malaria, and can be to a considerable extent 
deviated away from man by improving conditions. 

The different races are also separated by sterility barriers. 
These arc in some cases complete, but the stage at which they 
operate varies. Thus in some cases no eggs arc obtained, or the 
larvae all die soon after hatching; in the alroparuus-elutus and 
atroparvus-messeae crosses the larvae die, but at a later stage, 
while the typicus-atroparms cross gives healthy but sterile adults. 
In other cases, the barrier is only partial; sometimes all males 
and some females are sterile, in others all females and some 
males arc fertile. Thus biologically these forms arc full species. 

SwcUcngrcbcl and de Buck {1938, p. 90) have shown further 
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that even within a single race (atfoparuus) considerable diversi- 
fication may exist, difierent strains showing difierent ecological 
preferences and different resistance to salinity, and broods occa- 
sionally turning up widi unusual characters of eggs or larval 
hairs. They consider dut many other races will show similar 
intra-^roup variation. 

The practical needs of human health having brought these facts 
to light, a similar differentiation into ecological races has been 
looked for and discovered in other forms, both of Anopheles 
and of the common gnat Culex pipiens (see r.ummary in Thorpe, 
1940). 

Finally, it is of some interest to note that the malaria parasites, 
as well as their vectors, are differentiated into physiological races. 
Thus Plasmodium vivax, the tertian parasite, exists in at least two 
forms (see Swellengrebel and de Buck, 1938, pp. 227 seq.) differ- 
ing m number of merozoites, incubation period, type and gravity 
of symptoms produced, latency, susceptibility to temperature 
and anti-malarial drugs, and in showing an incomplete reciprocal 
immunity. Different strains may in some cases be capable of 
hybridization within the insect vector (Manwell, 1936). 

Tliis case has been dealt with at some length because of its 
numerous points of interest. From the evolutionary standpoint, 
the type of differentiation is unique in that the races, while 
well-defined ecologically and physiologically, and to a consider- 
able extent geographically, yet show much overlapping, and are 
only kept distinct by genetic (reproductive) barriers. It is for the 
present extremely difficult to understand what has been the actual 
cause and mechanism of their evolutionary differentiation. 

Equally puzzling, though in quite a different way, is the case 
of the common limpets {Patella) of Europe and North Africa, 
investigated by Fischer-Piette (1935). Here, again, two apparently 
contradictory opinions were prevalent, one that they constituted 
but a single species, the other that they should be divided into 
at least three species. Again, both views were partially right. 
Fischer-Piette, on the basis of extensive collections over a large 
area, has been able to show that in certain regions the assemblage 
of limpets falls into three discontinuous groups, characterized 
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both struaurally (differences in radula-teeth, etc.) and ecologi- 
cally, each having a preferred zone of the intertidal area. In 
other regions, however, no such separation is possible, and the 
asscmbl^e of limpets forms a continuous whole, the different 
types intergrading completely widi each other. Dr. Fischcr- 
Piette has, however, informed me verbally that the distribution 
will probably turn out to be trimodal, the three modes of the 
curve coinci^g with the modes of die three separate types of 
other regions. These general conclusions have been confirmed 
by Eslick (1940) at Port St. Mary (Isle of Man), whcijc, how- 
ever, only two types can be distinguished. I 

Here we would seem to have an ecological divergence, which 
in some regions has led to complete spcciation, in oth(!|rs only 
to a partial separation of adaptive types. But whether tl^e con- 
dition of a single continuous trimodal group is prima^ and 
constitutes a step towards complete separation, or whether it is 
secondary, resulting from hybridization of tlirce previously 
differentiated types, it is at present impossible to say, and both 
interpretations present obvious difficulties. So far, no experi- 
mental work has been undertaken on the very interesting 
problems raised. 

Examples somewhat recalling the state of affairs in inosquitocs 
are provided by various insects, notably Hymcnoptcra. Here we 
may find “races” differing slightly in visible characters, in just 
the same way as do typical geographical subspecies, and showing 
no intergradation or other signs of interbreeding, yet overlapping 
geographically to a greater or less extent. In the overlap area 
they may be found quite close to each odicr, so that their dis- 
tinctness cannot be brought about by spatial separation as occurs 
in some cases of ecotopic divergence. 

Thus Bequaert (1918) dcscrilx;s “races” of the wasp Eumcnes 
maxillosus, characterized solely by colour-cluracters, which, while 
possessing characteristic geographical ranges, are none of them 
mutually exclusive (see map in Robson and Richards, 1936, 
p. 68). A few appear to have an ecological basis, e.g. one is 
confined to deserts and subdeserts, another to tropical rain-forest 
and its neighbourhood, still another to typical savannahs. One 
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might be regarded as a geographical race in that it is confined 
to Madagascar; but this region is shared by another form which 
extends there from the African continent. Intermediates are 
sporadic, and not confined to the zones where two ranges meet. 
An interesting feature is the recurrence of a number of tjic 
colour-patterns (some of them very striking) in related species. 
There is a possibiUty that this may be due to synaposematism 
(Mullerian mimicry); on the other hand, it also recalls the 
“homologous scries” of parallel colour-variations found in various 
grasshoppers (p. 516), where genetic analysis has been possible 
and has revealed the existence of a selective balance as primary 
cause of the polymorphism (p. 99). Interestingly, in another 
African wasp, Synagris comuta, the equally striking colour varia- 
tions arc connected by more frequent intermediates, and several 
may occur in a single colony. 

The careful studies of Richards (1934) on another genus of 
wasp {Trypoxyloti) have shed new hght on the subject. To take 
but one set of three “species”, T. salti, T. spimsum, and T. 
armatum: the first two are extremely similar, and intergrading 
forms occur. Their ranges overlap in Central America, though 
T. salti extends much further south. The third form, armatum, 
is more readily distinguishable, and less closely resembles salti, 
with wliich it overlaps, than spinosum, witli which it docs not. 
As Richards says (p. 243), “the present resources of entomological 
nomenclature are insufficient to deal with a group of forms such 
as these”. Salti and spinosum intergrade, so cannot be regarded 
as full species; their ranges overlap and intermediates occur over 
a considerable part of the joint range, so they are not geographical 
subspecies; nor arc they mere varieties (aberrations) or examples 
of simple dimorphism, since “in a large part of their range each 
form seems to maintain a homogeneous population”. 

Richards reaches the interesting conclusion that “geograpliical 
segregation in insects is often of a different nature to the more 
familiar process observable in birds and mammals . He suggests 
that non-gcograpliical — i.c. ecological or physiological — forms 
of isolation can be much more effective in insects — ^a conclusion 
borne out by the abundance of “biological races in the g;roup, as 
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contrasted vdth their total absence, in any stria sense, in higher 
vertebrates. Experimental analysis of such cases is urgently needed. 

If this is correct, a special type of ecobiotic divergence, com- 
bined with considerable geographical differentiation, is frequent 
in insects. Richards cites other examples, e.g. in hornets, which 
seem to fit in with this idea, and the case of Eumenes just cited may 
depend in part on this. He informs me that the same phenomenon, 
of “non-geographical spedation”, also occurs in various beedes. 

These general conclusions seem to be borne out in other 
insects, e.g. in ants. The numerous forms (subspedes on species 
according to taste) of Myrmica rubra seem to conform quite 
closely to Richards* views, since they are very similar morpho- 
logically, have distinct ecological preferences, and do not normally 
cross in spite of extensive spatial overlap. \ 

Particularly interesting is Diver’s summary (1940, p. 317) of 
our knowledge concerning two forms of Lasius niger, L. n. niger 
and L. «. alienus (considered by a minority of authors as good 
spedes). Morphological distinctions between the two are very 
slight, being confined to the presence or absence of a few small 
hairs on antennae and tibiae. Differences in behaviour, however, 
are more definite, and usually permit identification in the field. 
The geographical range of alienus appears to be wholly confined 
within that of niger. Ecologically, the two forms show distinctive 
preferences. Niger has much the greater range of tolerance, from 
sand-dunes to wet sphagnum bog, from grass to dead trees, 
while alienus is (in the Dorset area investigated by Diver) almost 
confined to dry heath, with some overflow onto moist heath 
and turf. Even within the single type of habitat represented by 
dry heath there are dilFcrences, alienus preferring blown sand. 
Sometimes the two spedes nest only a few feet apart. In regard 
to swarming dates there is an extensive overlap, providing 
opportunities for crossing, though niger tends to be slightly later. 
Very occasionally forms are found which are intermediate 
between the two types, not only morphologically but in behaviour 
and ecological preferences. These, in the absence of evidence to 
the contrary, must be assumed to be produced by intercrossing, 
which must accordingly be rare. 
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We seem here to be dealing with fine ecotopic divei^ence 
which has just reached the stage of spedation; but it is extremely 
difficult to envis^ by what means the distinctness of the two 
types was first brought about. 

Diver gives other puzzling examples — e.g. three apparently 
distinct species of hoverfly (Syrphus) with extremely small 
morphological differences, with the geographical distributions 
of one species including that of the other two, and of the second 
including that of the third, with general similarity in ecological 
preferences, and extensive overlap in the periods in which adults 
are on the wing. Diver suggests that the two species with more 
restricted distributions have arisen by the segregation of small 
discontinuous groups, followed by accidental divergence and 
later expansion of range, but this is quite speculative. 

We must also remember the remarkable case of the two 
‘races” of Drosophila pseudoohscura (p. 369). These differ in 
various physiological characters such as temperature-resistance, 
are intersterile, and are further characterized by sectional chromo- 
some-rearrangements which could only have originated in 
isolation. They have different geographical distribution, but 
overlap considerably. It seems clear that the divergence leading 
to interstcrility first occurred in an isolated local group, which 
later was able to invade the other’s range. Within each race, 
“strong” and “weak” forms are found which differ in their 
sex-determining mechanism Uke those of Lymantria, and also 
resemble those of Lymantria in showing some gradation in their 
distribution (see p. 359, and Dobzhansky, 1937, p. 284). 

In any case, die taxonomic differentiation of invertebrates 
clearly provides a vast and almost virgin field for experimental 
analysb. A number of general principles have emerged as a 
result of intensive work on various organisms, plant and animal, 
vertebrate and invertebrate; but their relative share in causing 
differentiation may differ markedly from group to group. 

7. DIVERGENCE WITH LOW COMPETITION; OCEANIC FAUNAS 

Decreased selection-pressure permits increased variation. This is 
true not only for species or subspecies but for entire groups. In 
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tlie former ease the result is higher variabflity, in the latter more 
extraisive evolutionary divergence and radiation. An excellent 
example comes from the Cichlid fish fauna of the African lakes 
(Worthington, 1937, 1940; summary in Huxley 19410). In sonic 
of the lakes, their chief predators (the large fish Lates and Hydros 
cyott) arc wholly absent. Where this is so, the Cichlid radiation, 
as measured by the number of endemic species, and as shown by 
the greater variety of ecological niches occupied, is far greater. 
Thus of the lakes isolated during the second pluvial or later, 
Victoria-Kioga and Edward-George are without large predators, 
and contain 58 and 18 endemic species respectively, while Albert 
and Rudolf, where die predators are present, contain but i and 3 ; 
the larger number of endemics in Victoria-Kioga is due to greater 
environmental diversity. Nyasa and Tanganyika were i^lated 
during the early Cenozoic; the former lacks predators and con- 
tains 1 71 endemic species, while the latter, where predators arc 
present, contains only about 90 endemics in spite of its greater 
environmental diversity. 

The principle can be generalized in relation to competitor- 
pressure as well as to predator-pressure. This is well shown by 
the Australian marsupials. These also illustrate the fact that the 
total radiation of the fauna is normally not increased: among 
them some of the chief placental types are missing, and various 
adaptive characters, notably intelligence, arc below placental 
standard. However, the best examples are found on oceanic 
islands. Here, the number of types which have established them- 
selves is much restricted, ajid under these conditions of biological 
low pressure, the few favoured groups may differentiate into a 
surprising variety of forms. 

Perhaps the most remarkable example of oceanic radiation 
is afforded by the sicklebills {Drepanididae) of the Hawaii archi- 
pelago. General accounts ate given by Gulick (1932) and Mord- 
vilko (1937). The Drepanididae are passerine birds, according to 
Gulick derived from a tropical American honcy-crccpcr, accord- 
ing to Mordvilko from a finch related to the goldfinches {Car- 
duelis). In any case, they ate now restricted to Hawaii and to 
Laysan Island, 800 miles further west, and have produced a 
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quite astonishing variety of types, meriting division into no 
less than i8 genera. There are small insect-eaters and finchlike 
seed-eaters, some with small and some with heavy bills; a very 
large-billed nut-eater; a peculiar woodpecker type {Hetero- 
rhynchus) with long upper mandible for prying away bark, and 
short lower mandible for probing out wood-boring grubs; 
nectar-suckers (with special tongues); forms which combine 
nectar-eating with searching for insects in flowers; and others. 
No other bird family shows such adaptive diversification; at 
first si^t one would say that half a dozen distinct families were 
represented. 

A characteristic of many genera is the curvature of the beak, 
from which the family name of sicklebill is taken. In connec- 
tion with this, the bird-pollinated plants of Hawaii have 
curved corolla tubes, while those of their mainland relatives are 
straight. 

Mordvilko stresses the analogy of the evolution of a group 
like the sicklebills with the excessive radiation of domesticated 
animals. Gulick points out that the bill and habits of a form 
like Heterorhynchus are true evolutionary novelties, which have 
not been evolved elsewhere. A similar example is afforded 
by the freshwater gobies of the same area, which have evolved 
unique sucker-like fins for clinging to the rocks in rushing 
torrents. 

The ancestral sicklebill must have been the first bird immigrant 
to the archipelago. The remaining passerine fauna belongs to 
four families only — crows, thrushes, flycatchen, and honeyeaters. 
Difierentiation here is not nearly so marked, though endeinic 
genera have in some cases been evolved: presumably these were 
all later arrivals. 

A very similar case is that of the groundfinches (Geospizidae) 
of the Galapagos. Here, again, we have a family confined to an 
oceanic archipelago and an oudying island (one monotypic 
genus, on Cocos Island). This family is higUy differentiated 
(five well-marked genera on the G^pagos); the remaining 
passerine birds are much less distinctive, though endemic genera 
have been produced, and must have arrived later than the ancestral 
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geospizid, when there was not only less time available, but many 
niches had been filled. In most archipelagoes, however, many 
endemic forms are differentiated, they do not usually overlap 
geographically. However, in the Geospizidae (like the sicklebills) 
several distinct species (up to lo in the groundfinches) may coexist 
on one island. 

The Geospizidae have been subjected to an exhaustive taxo- 
nomic analysis by Swarth (1934), while Lack (19400) has been 
able to draw important general conclusions from his study of 
the group in the field. Most Geospiza species are large-billed 
and eat seeds, some having the most powerful billsT of any 
passerine birds.* Platyspiza is mainly a leaf-eater, CamMhynchus 
mainly insectivorous, while Cactospiza has evolved from Carnt^- 
rhynchus in the direction of a woodpecker: it also has theWique 
habit of using a twig as a tool to pry out insects, thus ihaking 
up for the incomplete specialization of its beak. Finally Certhidea 
resembles a warbler both in beak and habits. 

In addition to this “minor adaptive radiation”, as Lack calls 
it, numerous non-adaptive specific differences exist, presumably 
due to the Sewall Wright effect (p. 58). In addition, some of 
the beak differences are concerned not with adaptation to mode 
of life, but with specific recognition for mating purposes. Lack 
concludes that the virtual absence both of competitors and of 
predators has permitted this remarkable radiation. Elsewhere an 
island has been colonized by two closely-related species which 
will not interbreed (p. 255). Apparently the rapid differentiation 
of the Geospizids in peculiar conditions has permitted this 
phenomenon to be intensified. Large-scale hybridization docs not 
seem to have contributed (sec p. 356). 

He also draws attention to the partial or total loss by many 

* The interesting point may here be mentioned that insular land birds tend 
to have larger bills (either longer or more robust) than their nearest continental 
relatives (Murphy, 1938)* This applies to non-occanic as well as to oceanic 
islands. Murphy has checked this statistically for North American passerine species 
and finds that it holds for all insular full species, and for 78 per cent of the insular 
subspecies. Chapman (1940} confirms the fact for central and South American sub- 
species of the sparrow Zonotrichia capensis. The enormous bills of some Geospiza 
species on the Galapagos may illustrate the same phenomenon, its significance 
is at present quite unknown. 
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of the spedes of the typical male plum:^, the juvenile plurn^ 
type being prolonged into the adult phase. This is a common 
tendency in the land birds of oceanic islands. As another example 
we may dte the hen-feathered subspedes of bullfindi {Pyrrhula 
p. ti:urim) found on the Azores (Murphy and Chapin, 1929). 
This Lack suggests to be due to the absence of related forms 
with which a female might hybridize: the need for specific 
distinctiveness, which is such a feature of secondary sexual char- 
acters, then disappears. In the Gieospizidae, as differentiation has 
proceeded, distinctiveness has been reacquired in respect of the 
non-^exual beak characters. The converse of this process, as 
D. Lack suggests, in an unpublished paper which he kindly 
allows me to dte, may be seen in such forms as the ducks and 
some pheasants, in which, owing to the looseness of the bond 
between the mated pair, there is an unusual tendency to natural 
hybridization. Here, the females of related spedes are often very 
similar, demonstrating close relationship, but the males show 
strikingly distinctive characten. 

Other groups, too, show increased radiation on oceanic islands. 
As Buxton (1935) says, “one characteristic of the [insect] fauna 
of such an archipelago as Hawaii is the development of complex 
groups, many of them containing a very large number of 
closely related species”. Other areas with a less lengthy history, 
such as Samoa, show the same phenomenon, but to a lesser 
degree. 

As Gulick points out, the difficulties of immigration make the 
land faunas of oceanic islands “disharmonic”, in the sense that 
they lack the normal balanced ecological diversification of types, 
being restricted to types pre-adapted to long-range dispersal 
across salt water, and to a chance assortment of these. But the 
longer the fauna persists, the greater will be the tendency for it 
to become secondarily harmonic, through adaptive radiation of 
the earlier immigrant stocks. Thus oceanic faunas represent very 
peculiar spedal cases, but at the same time they conform tp the 
general rules of evolutionary divergence. 

As we should expect, predsely similar phenomena may occur 
in lakes which have been long isolated. The most striking example 
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is Baikal, the zoc^ography of which is discussed by Berg (i93S)> 
Here the Gammarids show excessive radiation; e.g. the one 
genus Echinogammams is represented by some 40 species, and the 
three species found elsewhere are probably examples of conver- 
gence and should not be placed in this genus, which then would 
be endemic to the lake. In the fresh-water oligochaetc genus 
Lamproditus, 12 of the 16 species are found only in Baikal. 

8. GENETIC DIVERGENCE 

I 

Next we come to a group of several methods of spccies-fomation 
which have this in common, that the primary separation of the 
new type is not spatial but genetic. A further common feature 
is that our knowledge of all of them js quite recent. \ 

First we may take ^cnic separation. In maize, two strains 
have been found, differing only in a single gene-pair, which 
will not cross. This shows that a single mutation may effect the 
separation of one intcrfcrtilc group into two. Such occurrences 
appear to be very uncommon; and for the moment the evolu- 
tionary bearings of this fact are not clear. We can only say that 
single gene-mutations, if they af&cted either mating-reactions 
or the dehcate machinery of meiosis, might be of importance 
in breaking up animal species also. Dobzhansky (1937, p. 263) 
has a discussion of genic effects on reproduction; sec also Stem 
(1936). 

Wc mention elsewhere how tlie randomness of mutation 
will lead to intersterility in isolated groups (pp. )86, 360): but here 
the genetic differentiation is secondary. A similar example is given 
by Wolf (1909; and sec discussion in Jennings, 1920) for Myxo- 
bacteria, where non-sexual fusion of colonics from a single strain 
occurs. But after prolonged culture, substrains incapable of 
colonial fusion may be produced. 

Most genetic separations, however, may be called chromo- 
somal, as they are concerned with alterations not in genes, but 
in their chromosomal vehicles (see Darlington, 1931, 1940).* 

^ See Darlington and Upcott (1941^) for a discussion of variation in types 
of breakage and reunion of chromosomes to be found in different forms. 
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First come those cases in which the barrier to crossing, whether 
more or less complete, does not produce any visible differrada- 
tion, so that any taxonomic divergence follows later, as with 
geographical iso^on. 

We may begin with segmental interchange (reciprocal trans- 
location) between different chromosomes, as described on p. s)0. 
Here the same gene-complex is merely rearranged. The various 
“prime types” thus produced can cross with each other, but 
owing to peculiarities of the chromosomal mechanism tend to 
maintain themselves; for the heterozygotes are less fertile than 
the homozygous types, and further, crossing-over between 
chromosomes which have interchanged segments is restricted so 
that recombination is almost aboUshed. Further differentiation and 
separation of the prime types into subspecies or species could 
then occur by the accumulation of different mutations in different 
types, and by the development of other barriers to crossing, 
which would be advantageous (as prevraiting waste) if two or 
more types occurred together. 

In Datura, only the first stage has been reached; diiSerent prime 
types occur in different regions, but are not visibly distinct. 
This, it is probable, is due to D. stramonium having in recent 
times spread rapidly as a weed of civilization, so that insufficient 
time has elapsed for differentiation. 

A quite different development, however, may occur if re- 
cessive lethal mutations occur in both interchange chromosome- 
groups. In that case, the homozygotes will be inviable and only 
the hybrid will survive. This is the condition of balanced letiuds. 
Since lethal mutations are common, and since the heterozygote 
will enjoy increased advantage in various ways as soon as one 
homozygote has become inviable, we may expect this condition 
to develop out of segmental interchange at least as readily as 
that of differentiated prime types. 

The classical case is that of the evening primroses {Oenothera). 
Here abundant genetic and cytological evidence converge to 
show that almost all the species are balanced-lethal hetcrozygotes, 
the original pure types having disappeared. Elaborate subsidiary 
mechanisms ensure die production of the heterozygotes with the 
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minimum of wastage. This type of speciation has probably 
occurred in other plants, e.g. Hypericum and Rhoeo (see Darling- 
ton, 1937). Sokolov and Dubinin (1941) have discovered a wild 
Drosophila species with balanced-lethal heterozygosity based on 
inversions. 

Although probably not widespread or of great evolutionary 
importance, the balanced-lethal heterozygote type of spedcs- 
formadon has great historical interest, since it was de Vries’ 
investigations on Oenothera that led him to propound his mutation 
theory of evoliition. We now know that most of the (“muta- 
tions” which he described were not mutations at all,! in the 
strict sense of substantive changes in the germ-plasm, but\merely 
•recombinations of a peculiar sort, to be expected omy in 
balanced-lethal heterozygotes, and due to occasional crossing- 
over. Gene-mutations of tins order of magnitude do not seem 
to occur. 

Blakeslee and his school have been able to produce various 
interchange types artificially by X-rays, and then, in certain 
cases, by means of crossing to synthesize quite new strains which 
possess certain sections of the gene-complex in duplicate as 
compared with the normal. These show numerous character- 
differences from the type, and can be regarded as artifidal 
indpient spedes (Blakeslee, Bergner, and Avery, 1936). 

Translocations, both reciprocal and non-rcciprocal, also ocaur 
quite frequently in Drosophila, and will normally produce some 
reduction of fertility in the Fi hybrid (see Stem, 1936, for a 
discussion of the different possible types of translocation). This 
may be the first step towards speciation, though it is apparently 
much less important than inversion in this respect (Dobzhansky 
and Tan, 1936). 

The next method of chromosomal separation is inversion 
(p. 91). Here, too, a mere rearrangement of parts of the chromo- 
some outfit has occurred, but in this case by a reversal of a portion 
of one chromosome, so that the order of the genes is here inverted. 
Affairs are here slightly complicated by the fact that such inver- 
sions often produce a visible “position-effect” (p. 85). This is 
presumably due to genes exerting some of their effects in virtue 
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of a Special type of interaction vpith their immediate ne^hbours: 
die genes at either end of an inverted section will of course be 
interacting with new neighbours. 

Inversions were first inferred from genetic analysis. Later they 
were detected cytologkaUy at the prophase of meiosis in maize. 
To-day, thanks to the discovery of the giant chromosomes in 
the salivary glands of Drosophila, they need not wait to be detected 
by their abnormal behaviour at crossing-over and its results, 
but can be direcdy observed; for chromosome-segments can be 
seen in which the normal band and fine pattern is reversed, 
and these are then found to cause abnormalities of pairing 
and crossing-over at meiosis when opposite a non-invcrted 
segment. 

Among the properties of inversions is that they interfere (of 
course in the heterozygous condition only) with chromosome- 
pairing and crossing-over, and it is in virtue of this fact that 
they exert their effect on breaking up species. But this effect will 
be quite different according to the magnitude of the inverted 
segment. When it is very small, the disturbance will be small; 
and crossing-over between genes one or two units apart is in any 
case of very rare occurrence. Thus the main effect of very small 
inversions will be vii their visible position-efiects, which will 
be similar in magnitude and nature to the effects of small true 
gene-mutations. Small inversions will thus merely add to the 
internal variability of a species, and wnU not tend to break it up 
into separate groups. 

Large inversions, on the other hand, will have two important 
effects. They -will reduce the fertihty of heterorygotes, so that 
the pure types — that with two normal chromosomes, and that 
with two chromosomes both with an inverted section — ^will be 
at an advantage: and the impossibility of crossing-over between 
an inverted and a non-inverted section will effectively isolate 
these two regions of the gene-complex from each other. Recom- 
bination can no longer take place between them, so that any 
mutation taking place in an inverted section cannot be trans- 
ferred to its non-inverted homologue, or vice versa. Darlington 
(1937) was the first to grasp ^e full implications of this 



332 evolution: the modern synthesis 

fact, and to point out that such “chromosomal isolation” 
was of equal importance with other more obvious kinds of 
isolation, such as that due to geographical separation (u. infia; 
and p. 362). 

Single inversions may thus cause a certain reduction of hybrid 
fertility between types. Fertility would be still further reduced 
by further inversions in other kinds of chromosomes, while two 
or more inversions in each of two or more chromosomes would 
produce very considerable sterility (Stem, 1936). 

A large inversion may thus pave the way for the separation 
of a species into two non-interbreeding groups. For one! thing 
its isolating effea may be accentuated by further invenions; 
and in addition, once any degree of hybrid sterility has occurred, 
natural selection will operate to produce other sterility barren, 
in the shape of different- mating reactions, so as to prevent' the 
waste caused by crossing, with its production of relatively infertile 
individuals. Still further genetic sterility-barriers are also likely 
to arise by gene-mutation of various kinds. Inversions may also 
lead to the production of visible diversity by the accumulation 
of different mutations in homologous inverted and non-inverted 
sections. 

If several favourable mutations ocepr in an inverted section, 
and are therefore prevented from crossing-over and recombina- 
tion with the homologous non-inverted section, the spread of 
cliromosomes with the inverted section will be favoured by 
selection. The two homologous sections, inverted and non- 
inverted, will in fact each become an isolated partial genetic 
system; within this there will operate the same phenomenon of 
mutual genic adjustment discussed for total genetic systems in 
Chap. 3 (see also Malinovsky, 1941). These segmental harmoni- 
ously-stabilized gene-complexes will continue to evolve within 
the less thoroughly stabilized total gene-complex. Something of 
this sort has undoubtedly occurred in the divergence of Avena 
sativa from A. fatxtasnd Triticum uulgare from T. speltai in either 
case the two members of the pair differ essentially in a group 
of characters ai) located in a region of one chromosome, whidi 
in one species has suffered inversion (Huskins, 1927, 1928). 
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In general, it appears that sectional rearrangements are rardy 
if ever the sole cause of evolutionary dyivergence (cf. Muller, 
1940). For one thing they have a negligible prospect of becoming 
established, except by chance in a small and relatively well- 
isolated group. And in the second place their presence in non- 
interbreeding groups is normally accompanied by numerous 
single-gene diflerences, which are often responsible for much 
of ^ group-incompatibility. They can therefore only be regarded 
as secondary agents in bringing out speciation, though their role 
may be quite important in species which are normally broken 
up into small isolated population-units, and still more in those 
(among which various species of Drosophila are to be included) 
which are subject to violent fluctuations in numbers with small, 
isolated groups at the low point of the cycle. 

It is, for instance, probable that inversion has had a good 
deal to say in the separation of Drosophila melanogaster 
and D. simulans, though the single-^ene elects must have 
played the m^or role, since important effects on the sterility 
of the hybrids are determined by them (Stem, 1936; and 

p. 359). 

Whenever inversion has played an important part in species- 
formation, the two species may be expected to remain very 
similar in appearance, since they will overlap in their ranges, 
and will both possess almost the same genetic constitution, well- 
adapted to a common environment. A gradual ecological diver- 
gence may occur later. The same will apply to cases of divergence 
initiated by translocation. Thus the two “races” (incipient species) 
of Drosophila pseudoobseura can only be distinguished by statistical 
analysis, which brings out, in males only, certain differences in 
wing and leg measurements, and in the numbers of the teeth on 
the sex-combs (Mather and Dobzhansky, 1939)* 

Such species will only be detected by refined and detailed 
systematic methods, and will often not be recognized by sys- 
tematists who are not aUve to the imphcations of genetics. It 
will be of great interest to discover whether species-pairs of 
this type occur in higher vertebrates. 

A peculiar method of forming new types is that of asexual 
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segregation in certain parthcnogcnctic plant species of hybrid 
origin. Parthenogenesis in such cases is due to a suppression of 
the reduction of the cluromosomes. But even in the absence of 
reduction, any corresponding cliromosomes from the two 
original parents which arc able to pair will be subject to crossing- 
over, since we now know that crossing-over takes place by two 
stages, and not only as an accompaniment to reduction. And 
sudi crossing-over will produce new types, which will maintain 
diemselves, subject to selection, save for further cross-overs (see 
also pp. 352-3)* I 

Such a process should lead to the formation of immerous 
closely-related true-breeding types. Some of these wiU doubtless 
be at a disadvantage and will disappear, while others will main- 
tain themselves. Further divergence between the types may occur, 
though slowly, by gene-mutation. It is probable that some of 
the numerous species of hawkweed (Hieracium) and blackberry 
(Rubus) owe their origin to such asexual segregation. Apparent 
mutations due to this process have been detected in both forms 
(Darlington, 1937, pp. 296, 475, for Hieracium', Crane and 
Thomas, 1939, for Rubus; and p. 352 of this volume). 

Next we have the various phenomena of polyploidy in whidi 
a multiplication of whole chromosome-sets occurs (sec p. 143). 
As already mentioned, polyploidy is of two fundamentally dis- 
tina types; autopolyploidy in which the chromosome sets are 
all of the same kind, derived from tlic same species, and initial 
allopolyploidy, in which they are of different kind, derived from 
two distinct species. The actual doubUng is in both cases due to 
the suppression of division of a cell after division of the chromo- 
somes has taken place, but whereas tliis is the primary event in 
autopolyploidy, in allopolyploidy it is subsequent to hybridization. 

As previously mentioned, polyploidy is widespread in plants, 
but very rare in animals (pp. 140 scq.). We there pointed out thq 
a priori reasop for its non-existence in bisexual forms. M. J. D. 
White (1940) points out that this might be expected not to apply 
in hermaphrodite animal groups. However, his investigations of 
chromosome-number show that in one such group (pulmonate 
molluscs) it appears not to occur at all, in another (Rhabdocoela) 
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it occurs to a moderate extent, and in two others (Hirudinea and 
Oligochaeu) the meagre data suggest its possibility as a rare 
phenomenon. His conclusion is that polyploidy has not occurred 
in the hermaphrodite groups of animals to anything like the 
extent as in higher plants. This may be due to the rarity of self- 
fertilization in hermaphrodite anim ds, or to some as yet unknown 
cause. Polyploidy may possibly occur in Hcmiptcra (p. 370). 

In this section, only autopolyploidy concerns us, as allopoly- 
ploidy connotes convergence, not divergence. Chromosome- 
doubling will usually occur through failure of cell-division but 
not of chromosome division. If the tetxaploid cell forms all or 
part of a growing point, a totally or partially tetraploid shoot 
will result. Such a shoot wiU not be fully fertile, since at meiosis 
there will be four of each kind of chromosome instead of two, 
so that in addition to pairs, groups of three and four chromosomes 
will be formed. Many gametes will, therefore, not possess two 
entire genomes, but will be unbalanced, with some chromo- 
somes represented in triplicate or only in single dose; and such 
gametes wiU often be inviable. 

The continuance of the species can be ensured either by con- 
centrating on asexual reproduction, or, if fertility is not much 
reduced, by means of a difterentiation of the chromosomes, 
presumably through mutation, so that instead of four similar 
members of each kind, two slightly dissimilar pairs are found. 
Instead of AAAA,BBBB, etc., we would have AiAi,A2A2, 
BiBi, B2B2, etc. So long as the dissimilarity is sufftcient to 
prevent pairing between members of different pairs (e.g. Ai 
and A2, or Bi and B2) complete fertility wiU be restored. In 
this case die initial autopolyploidy wiU have been converted 
into a secondary functional allopolyploidy (p. 143; Darlington. 
1937, his pp. 183, 226). 

Doublii^ can of course be repeated, leading from tetraploid 
to octoploid and higher forms. This is likely to occur especiaUy 
in types which have specialized in parthenogenetic reproduction, 
leadmg to the establishment of series with 2n, 4n, 8n, i6n chromo- 
somes. 

Autotriploid (sn) forms may arise from diplpids by fertiliza- 
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tion between a diploid (unreduced) and a haploid (nonxiai 
reduced) gamete. Triploids are sexually sterile and can only 
reproduce by non-sexual methods. Hcxaploids (6n) may arise 
in similar fa^on from 4n plants. They may also originate by 
doubling in a triploid form, and then of course reacquire sexud 
fertility. An interesting case of this sort is given by Perlova 
(1939). The wild triploid and sterile potato species Solanum 
vallis-mexici was grown at high altitudes, and there, presumably 
as a result of the low temperature, produced a fertile hexaploid 
form. As this species is more resistant to frost and dro^ht and 
certain diseases than other potato species, this result snould be 
of considerable importance. ^ 

Darlington (1937, p. 216) gives a table of autopolyploid species 
and mutants. Various wild triploid species are known, all repro- 
ducing vegetatively, e.g. in tuUps and narcissi. Extremdy few 
cases are known in animals; e.g. the land crustacean Trkhoniscus: 
here reproduction is parthenogenetic (p. 314; Vandcl, 1937). 

Other triploid types have been experimentally produced by 
crossing 2n and 4n forms. Of great interest is the fact that auto- 
polyploidy may give rise to forms which are not associated with 
any systematic visible differences. For instance. Anemone montana 
occurs in diploid (2n), tetraploid (4n), and hexaploid (6n) forms, 
Silene ciliata in 2n, 4n, and i6n forms, all similar.* 

In other cases, the polyploid forms differ slightly in visible 
characters, but are still classified within the limits of a single 
species. There are, for instance, five such forms of Viola kitaibeliana 
(some of them aneuploid) and of Prunus spinosa, and three of 
Erophila (Draba) vema. Such forms wete at one time included 
under the term “elementary species”. 

The most interesting evolutionary fact concerning autopoly- 
ploids, however, is that different members of a series may and 
often do have diflerent geographical distributions. In general, 
tetraploid forms seem better adapted to difficult environmental 
conditions. Many are more cold-resistant than their diploid 

* On the otlier hand, Miintzing (1936), who has studied autopolyploidy 
very extensively, has stated that memben of a polyploid series always 
show some visible distinguishing characters, though these may admittedly he 
slight* 
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lebtives. Abidingly we find many tetoploid forms in the far 
nordi and in mountain regions. Almost all the grasses in Spits- 
bergen are polyploids (see Haldane, 1938). The sharper climatic 
Eoning produced by the glacial period. must have encour^d 
die survival of tetraploids and promoted the formation of tetra- 
ploid subspecies. Others arc adapted to the extreme temperatures 
and great aridity of deserts— e.g. various forms of Enagrostis in 
the Sahara (H^rup, 1932). Tetraploid forms are also in many 
cases more generally vigorous, a fatt reflected in their distri- 
bution, which is frequently wider (often considerably so) 
that of the diploid variety. Many widespread weeds of cultiva- 
tion and waste land are also tetraploid forms, the diploid types 
having quite restricted distribution. (For general discussion see 
Miintzing, 1936, Tischler, 1941.) 

In experimental tetraploids in tomatoes, Faberg^ (1936) finds 
that the tetraploid is less variable phenotypically than the diploid. 
This cannot be due to diminished segregation of recessives; 
Fabcrge suggests that it is due to the greater effectiveness, in 
certain cases, of four as against two homologous genes, resulting 
in greater stability ofcarly developmental processes. In colchicine- 
induced tetraploidy, Badenhuizen (1941) finds that long chromo- 
somes diminish fertility and viability. It is also more likely to be 
of economic value for quantitative than subtle qualitative 
characters. 

A few examples will serve to illustrate these general points. 
In the difficult genus Potentilla, numerous “spedcs” are apomictic. 
Some of these are allopolyploid (see below), others autopolyploid 
(Miintzing, 1931). For instance, P. argentea (n = 7) exists in 2n, 
6n, and 8n forms. Doubtless 4n types will also be discovered. 
In general the high polyploids were more vigorous. One diploid 
type was very small and prostrate, while one hexaploid, growing 
only a dozen miles away, was tall and erect. 

In the Central European crudfer Biscutella laevigata (Manton, 
1934), the distribution of the diploid forms is restricted and 
discontinuous, of the tetraploids continuous and much more 
extensive. The diploids seem to be reUct forms, confined to areas 
which were not covered by the ice during the glacial period. 
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On the other hand, most of the area now inhabited by the 4n 
types was under ice during the periods of maximum glaciation. 
Thus we can safely conclude diat the tetraploid races were 
evolved in response to the onset of colder conditions, and have 
been, in virtue of their greater vigour and cold-resistance, able 
to coloniae large areas either unavailable per se to the diploids, 
or where the diploids cannot compete successfully with the 
tetraploids to which they have given rise. An almost precisely 
similar state of affairs is found in the North American genus 
Tradescantia, but here in several species (Anderson, 1917; and 
see Dobzhansky, 1937, p. 196). In many cases, it seems clear 
that the advantages enjoyed by autopolyploids have gabled 
them to supplant their <hploid progenitors entirely. \ 

Thus autopolyploidy, regarded from the evolutionary stand- 
point, in general seems to provide a method by which a' type 
may become adapted to new and especially to less favourable 
conditions. Once the polyploid forms have become established 
and have undergone the necessary internal genetic adaptation 
(p. 145) as well as further external adaptation, they will often 
extend their range far beyond the original diploid distribution, 
and may frequently restrict the range of their diploid ancestors 
through competition. In other cases the formation of an extended 
autopolyploid series may enable a type to occupy a greater 
variety of ecological niches. Crossing sometimes takes place 
between members of a series, producing new polyploid types, 
which then may be preadapted to still other conditions. Long- 
term plasticity, however, is reduced by polyploidy (pp. 143, 
374)- 

In one sense, the dii^rent members of close autopolyploid 
series should be regarded as species, since they are kept quite 
distinct by genetic barriets. The morphological differences between 
them, however, are usually very slight, so that for taxonomic 
purposes it is undesirable to give them separate specific names, 
and the totality of the forms may be named as one “polyploid 
species”. From vdiat has been said above, it is pro|?able tlut the 
nuqority of 4n and higher autopolyploid forms of such polyploid 
species are of geologically very recent or^in. With the passage 
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of time, we may prophesy that the morphological differences 
between them and their an ancestors will become more marked, 
until they merit specific naming. It is presumably by such means 
that some of the polyploid series of obviously good species in 
various plant genera have been evolved. (See also pp. 347-8). 

In general we may say that divergence based primarily on 
genetic isolation has been of less evolutionary importance than 
other types of divergence, its only major achievement being the 
autopolyploid series of various plant groups. It has often been 
of the greatest secondary importance, however. Once geo- 
graphical or ecological isolation has separated groups, it is largely 
the accident of genetic divergence, genic or chromosomal, which 
eventually render the two types intersterile.* 

9. CONVERGENT SPECIES-FORMATION 

The most important type of diversification produced primarily 
by genetic isolation is the origin of new true-breeding forms, 

* A peculiar condition has recently been described in the wild millet Sorghum 
purpureo^sericeum (Janaki-Ammal, 1940). This is a diplpid (an « 10), but 
40 per cent of wdd plants have from i to 6 (mostly 2 or i) extra so-called 
“B-chromosomes” in their floral parts; these are, however, absent from the 
roots. 

The B-chromosomes do not pair at meiosis, and have a marked effect in 
reducing pollen-fertility. To offset this reproductive disadvantage, there must 
clearly be some considerable somatic advantage accruing from their presence in 
the floral tissues. But how it operates, why they are absent In the roots, and 
what the origin of the condition may have been — these points all remain 
obsctire. 

Darlington and Upcott (1941^), investigating a somewhat similar state of 
affairs in maize, have come to some more gener^ conclusions as to the function 
of these so-called inert or B-chromosomes. These, though variable in number, 
exist with a definite mean size and frequency in various strains. Since various 
agencies involved in the mechanics of mitosis and meiosis are constantly operating 
to reduce both their size and the numbers present, some counter-selection must 
operate in the opposite direction. Darlington and Upcott conclude that this 
counter-selection is concerned with their special activities in nucleic acid meta- 
bolism. 

In the domestication of maize, the B-chromosomes appear to have taken 
over and enlarged the metabolic function originally carried on by the hetero- 
chromatic knobs which form part of some of the normal chromosomes. They 
appear to provide a more elastic means of adjusting the plant’s nucleic acid 
metabolism to the increased demands made on it by agriodturists in selecting 
for higher yield. 

Sin^ar arguihents seem to apply in other cases, both in plants (e.g. FritiUaria, 
Ranunculus, and Secale) and in animals (various Heteroptera). 
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sufficiently distinct both morphologically as well as reproduce 
tively to be styled good species, by hybridization between two 
pre-existing species. 

When polyploid forms arise after hybridization, they will 
be allopolyploid from the start, so that we here speak of initial 
as against secondary allopolyploidy. In addition, new forms are 
here produced by convergence, not by divergence. Summaries 
of the evolutionary effects of polyploidy are given by Darlington 
(1937) and Tischler (1941). 

The classical case of species-formation by allopolyploidy is 
that of Primula kewensis. This arose from a, spontaneou^cross at 
Kew between two well-known species, P. verticillata\md P, 
ftoribunda, both with an = 18 chromosomes. The hybnd was 
originally entirely sterile. The chromosomes of the two Rental 
species were able to pair and segregate in spite of their dis- 
similarity, but the resulting combinations of genes were so 
abnormal that all the offspring were inviable.'^ 

The hybrid was cultivated vegetatively for some years, until 
a shoot appeared which was fertile. On cytological examination 
this was shown to possess thirty-six chromosomes. The sterile 
hybrid possessed one set from each parent— A^, A^, B^, . . . 

R'', R^. The fertile shoot possessed two sets: A^A^ AW, . . . 
R^R^ R^R^. Pairing could now occur between identical chromo- 
somes. Every gamete thus possessed a complete set of chromo- 
somes from both original parents, and viable offspring were 
accordingly formed. Reproduction is not entirely normal, since 
sometimes groups of four chromosomes instead of pairs arc 
formed at meiosis, leading to reduced fertility. In the course 
of time we may expect selection to operate to reduce such super- 
numerary association, and so to increase fertility. In any case, 
however, the tctraploid is not only capable of maintaining itself, 
but is sterile when crossed with either parent species, so that it 
must be regarded as a new species. Species-formation is here 
abrupt, and is also convergent. 

* In other cases the chromosomes of the two forms are so dissimilar diat 
meiosis is interfered with. For further discussion of sterility due to gene-interaction 
causing abnormality of reproductive processes, see Patterson, Stone and 
GrUlfen (1940). 
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fo this case, the sterik hybrid would probably not have main> 
tained itself until the chromosome-doubling occurred, without 
human interference. However, that new species can be formed 
by this method in nature is shown by the striking example of 
the rice-^rass Spartina toumsendii (Huskins, 1931). There seems 
to be no doubt that this is an allopolyploid derived from the 
crossing of the European S. stricta wifh the imported 5 . altemifiora. 
The basic haploid number (x) of the genus is 7. S. striaa itself 
appears to be an octoploid (an = 56) and S. altemifiora a deca- 
ploid (an = 70). S. toumsendii has an = ia6 = i8x. Most inter- 
esting from the evolutionary standpoint is the fact that the new 
species is in some as yet obscure way better equipped than either 
of its parents; it not only kills them out in competition, but is 
extending its range beyond theirs. It is now being employed 
by the Dutch for reclaiming land from the sea. This 'favourable 
result of the interaction of two gene-complexes is the reverse of 
that described on p. 66. It also demonstrates the role of range- 
changes in this type of speciation (p. 348). 

Two species of horse-chesmut are known to have originated 
by hybridization. It is interesting that one of them is a patent 
of the other. From the two tetraploid species, the European 
Aesculus hippocastanum (the common horse-chestnut) and the 
American A. pavia (the red buck-eye) the pink-flowered octo- 
ploid garden species A. camea has arisen. This, on crossing with 
A. hippocastanum, gave rise to A. plantierensis. In this latter case, 
a hexaploid was produced, which at once bred trtie without 
further doubling. These and other examples are enumerated by 
Darlington (1937, p. 234). 

A very pretty example is the experimental synthesis of a wild 
species of hemp-nettle, Galeopsis tetrahit. On various grounds this 
tetraploid species was presumed to be the result of a cross between 
G. pubescens and G. speciosa, both ordinary diploids. After crossing 
these, an allotetraploid was produced, which is almost identical 
with the wild form (Miintzing, 1932, 1937). Undoubtedly, 
the wild species did originate from this cross, but has since 
its origin undergone slight further difl&rentiation by mutation and 
selection. 
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Occasionally what merits the title of a new true-breeding 
species is formed by hybridization without subsequent chromo- 
some-doubling. This may happen when, as in die Acsculus case 
just mentioned, an isopolyploid is produced between two other 
isopolyploids of different chromosome number. E.g. 4x X 8x; 
gametes 2x + 4x = 6x zygote. Otherwise, the process can only 
occur when both parents have the same chromosome number, 
and when the hybrid enjoys certain advantages over the parents. 
If capable of sexual reproduction, the hybrid will of course be 
exceedingly variable, as independent assortment betjveen the 
members of the tw’o parental genomes will occur. 

The best case is that of the hybrid between two sWeies of 
Medkago, the imported purple-flowered lucerne (M. sa^a), and 
the yellow-flowered sickle nicdick (M. falcata) of EurC^ (see 
Gilmour, 1932). The hybrid, originally described as a distinct 
species under the name of M. sylvestris, has strange greenish- 
black flowers, is exceedingly variable, and is both more vigorous 
and more fertile than either parent. In Britain this hybrid may be 
dated back with reasonable certainty to the scventeendi century, 
when lucerne was first introduced. One would conjecture that 
its initial variabiUty would have been somewhat -reduced by 
selection, but there is no direct evidence for this. In one region 
of France, where lucerne has not been reintroduced for some 
time, the hybrid appears to have ousted both parent forms 
entirely. 

Ledingham has recently shown (1940) that M. falcata exists 
both in a diploid and tetraploid form (2n == 16 and 32), while 
M. sativa always has 2n = 32, and is thus presumably tetraploid. 
“M.sy/mtris” involves the tetraploid form o(M. falcata. Homo- 
logous chromosomes of the two species pair and segregate freely 
in the hybrid. Ledingham wishes on this account to classify 
M. falcata and M. sativa as “varieties of one highly polymorphic 
species”, but Mr. J. Gilmour assures me th at no plant taxono- 
mists hold this view. The two types have different distribution, 
and differ in numerous characters, bodi morphological and 
physiological. If one makes interfertility the sole criterion of 
species, then the diploid M. falcata would have to be put 
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in a distinct species from its almost identical tetraploid, while 
this latter would be classed specifically with the quite distina 
M. satiua] 

“M. sylvestris” is in one sense a hybrid swarm, on account of 
its high segregating variability, but a hybrid swarm which is 
capable of -permanent existence as a group-imit apart from 
either parent, and thus a new species, albeit one widi peculiar 
properties (see pp. 147, 355). 

We may also cite the case of Phaseolus vulgaris and P. multi- 
fiorus. These are two well-defined species, crosses between which 
have recently been investigated by Lamprecht (1941). Both 
species have n = 17 chromosomes. The cross only succeeds with 
vulgaris as female parent, and the Fi is almost sterile. However, 
by breeding from the few seeds produced, a number of constant 
lines were obtained in F5-F9, some very close to one or other 
pure parent species, others intermediate, showing all possible 
combinations of the parents’ diaracters. Fertility was originally 
low, but could gradually be raised to a high level. Here is an 
excellent example of species-differences depending solely or 
mainly on gene-differences. Further, the gene-complexes of the 
two forms have gradually become largely, but not quite, incom- 
patible, so that selection is 'still able to restore viability and 
fertility in the hybrid. Some of the hybrid lines can properly 
be regarded as artificial species, since they are wholly or largely 
sterile with pure P. vulgaris. 

Allopolyploidy has undoubtedly played an important role in 
the evolution of many plant genera. The careful analysis that has 
been made in Nicotiana will serve as a good example. Kostoff 
(1938) has experimentally produced a new allopolyploid by 
hybridizing N. glauca (n = 12) and N. langsdorffii (n = 9). An 
allotetraploid (n = 21) arose by parthogenesis. This showed 
rather poor fertility, but fertility rose gradually in successive 
generations, until it approximated to normal. The allotetraploid, 
though possessing unique characters, was by no means constant, 
throwing forms that differed in numerous characters, both 
morphological and physiological. This was due to the relative 
frequency of heterogenetic pairing — i.e. pairing and consequent 
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segregation of chromosomes belonging to the two parental 
species, though homogenetic pairing was naturally the rule. This 
inconstancy also decreased in the course of generations, but not 
to any great extent. 

KostofF also produced an allotetraploid (an = 8o) between 
N. muhivaletts (n = 24) and N. suaveolcns (n = 16). In this 
case the new species was remarkably constant, owing to the 
absence of heterogenetic pairing. 

Another synthetic species, N. digluta, was manufactured ten 
years previously by Goodspeed and Clausen, by drossing N. 
tabacum (n = 24) with N. glutimsa (n = 12) ; the hybrid became 
tctraploid, with 72 as its somatic chromosome-nurnber. Still 
another was produced in 1933, N. diglutosa, between N. glutimsa 
and another 12-chromosome species (references and discussion 
in Goodspeed, 1934; Babcock, 1939). 

This experimental production of new allopolyploid species 
by hybridization is only the human continuation of a natural 
process in this genus (Goodspeed, 1934; summary in Dobzhansky, 
1937> p- 214)- Cytogenetic analysis has made it certain that the 
24-chromosome American species are allotetraploids resulting 
from the hybridization between members of the 12-chromo- 
some group. N. tabacum in particular, the source of tobacco, 
can be demonstrated, on the basis of the pairing attraction of its 
chromosomes in species-hybrids, to be the product of a cross 
between a form similar to N. syhestris and one in the N. tomentosa 
group. 

N. tabacum is highly polymorphic, like the artificial species 
glauca X langsdoiffii mentioned above, and apparently for the 
same reason. During the time since its first origin, its chromo- 
somes and those of its progenitors have altered their genic 
composition somewhat, but not enough to disguise their ancestral 
affinities. 

Similarly N. rustica, another highly variable 24-chromosome 
species, can be shown to be derived from the crossing of two 
members of the N. paniculata group, though .here die subsequent 
genetic divergence of the original progenitors and the new 
species has been greater. And one progenitor of N. nudicaulis 
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must be sought in a form rdated to N. trigonophylla. Nothing 
is known as to the reason for the widespread occurrence of 
allopolyploidy in Nicotiam, but we may safely suggest that the 
opportunity for the necessary spedes-crosses was provided by 
extensive range-changes in relation to alterations of climate and 
land-level. ' 

The wheats provide an equally striking example, with certain 
difierent features (summarized by Dobzhansky, 1937, pp. 215 
scq.). Wheats fall into three groups with n = 7, 14, and 21 
respectively. Broadly speaking, the 21-chromosome forms 
{yulgare group) have three distinct genomes, A, B, and D, of 
which the 14-chromosome form {emmer group) have two (A 
and B), and the 7-chromosome forms {einkom group) the A- 
genome only. Allopolyploidy appears to have occurred twice, 
once with an unknown form providing the B^enomc, and subsc- 
quendy with an Aegilops-Uke form introducing the D-genome. 

Complications have been introduced by the genetic divergence 
of various types. Thus one of the emmers, T. timopheevi, has a 
B-genome which differs considerably from the normal. This 
may mean that its B-ancestor was not identical with that of 
other emmers, but a related species;* or possibly the differentia- 
tion may have occurred subsequently. Again, heterogenetic 
pairing between members of the different genomes takes place 
to a different extent in different cases. Obviously, a twice- 
repeated allopolyploidy such as has here occurred provides the 
opportunity for great diversification. 

In willows {Salix), Nilsson has been able to build up artificial 
species of an amazingly synthetic natiure. One artificial species 
(Nilsson, 1936) contained genetic elements from no less than 
eight wild forms. Similar cases are known in orchids. The hybrid 
“genera” Potimra and Burrageara have been built up artificially 
firom four different species belonging to four distinct natural 
genera (Sander, 1931). 

Recently, the discovery that polyploidy may be artificially 

♦ That allotetraploidy has occurred in more than one way is made probable 
by recent Russian work; e,g. T, persicum (n x 28) seems to be an allotetraploid 
derived from a cross between T. dicoaoides and Aegilops triuncialis, both with 
n 14 (seeWaddington, 1939, p. 323). 
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produced by coldiicine has opeued up new possibilities in this 
field, since sterile hybrids can often be immediately converted 
into more or less fertile allopolyploids by this means, instead 
of waiting for the lucky chance of natural (hromosomc-doubling. 
As an instance, we may take the recent work of Harland (1940) 
on cotton. For example, he has synthesized an allotetraploid 
between the Old World Gossypiutn arboreum and the New World 
C. thurberi (both n = 13). This can then be crossed with com- 
mercial tetraploid forms (which themselves appear to be the 
product of isdlotetraploidy between Old and New World dip- 
ploids), and the immunity to pink bollworm earned by G. 
thurberi can thus be introduced into cultivation. \ 

Again, he has synthesized allohexaploid forms bemeen the 
commercial G. barbadense (n = 26) and various New World 
diploids (n = 13). The addiuon of the wild genom^ confers 
increased resistance to drought and to various pests, as well as 
great vigour and sometimes high quality of lint.* 

Allopolyploids, like autopolyploids, often differ in physio- 
logical and ecological peculiarities from their diploid ancestors, 
and therefore cOme to occupy different ranges; and, again as 
with autoplyploids, their ranges are usually more extensive. 
To take but one example, G. H. Shull (1937) has summarized 
our knowledge of the species of the crucifer genus Capsella. 
Here the basic chromosome-number (x) is 8. The diploid species 
with 2n = 16 are, with few exceptions, found in the Mediter- 
ranean area, which appears to be the original centre of distri- 
bution of the genus. This region is also inhabited by various 
tetraploid forms; but these, taken together, are world-wide in 
their extension. Although Shull has not been able to detea any 
difierences in v%our between the 2x and 4x forms, he is con- 
vinced that some such differences must exist, together probably 
with differences in adaptability, to account for the observed 
distributional difference. While autopolyploidy may have 
occurred, Shull is convinced that hybridization and allotetra- 

♦ The use of colchicine has of course other application.lt permits the building 
up of autopolyploids. These may themselves show valuable new characteristics, 
or they may sometimes give fertile crosses with other polyploid species of the 
same chromosome-numl^r. and so produce new recombinations. 
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ploidy has been the diief source of 4x forms. In one area of 
Texas, two 4x forms, C. occidentalis and C. bursa-pastoris, which 
are restricted to the region west and east of the Rockies respec- 
tively, have met and crossed, producing a more or less stable 
new type; Shull does not give cytological data for this form. 

The genus Potentilla is one in which both auto- and allopoly- 
ploidy have occurred. We have already referred to the auto- 
polyploid series in P. argentea (p. 337). In P. collina and P. crantzii 
on the other hand, Muntzing (1931) finds strong evidence for 
allotetraploidy, in the shape of anisoploid (5X and tx) forms, 
Apomictic reproduction has enabled these heterozygous forms 
to remain in permanency. Most collina biotypes, however, are 
hexaploid. Muntzing considers that the very variable “collective 
species” P. collina arose through a cross between P. argentea and 
a form close to P. tabemaemontani. In general, the species of 
Potentilla “which are regarded as old and primitive ... are 
characterized by low chromosome numben and a relatively 
limited and decreasing geographical distribution”, whereas the 
dominant and aggressive types have a high chromosome number 
(up to I2x), mainly due to allopolyploidy. Sec also ChristoflF 

(1941) • 

A curious case is cited by Tischler (1941), where a gigas- 
form of the normally hexaploid Aloe ciliaris turns out to be 
pentaploid. 

One final case deserves to be mentioned, since it shows that 
new species can arise by this means even after intergeneric 
hybridization. This is the radish-cabbage hybrid Raphtmo- 
Brassica (Karpechenko, 1928). This is the produa of a cross 
between the radish {Raphanus sativus) and the cabbage [Brassica 
oleracea), both with 2n = 18 chromosomes. The 18-chromo- 
some hybrid was at first sterile, as with Primula kewensis, but 
became fully fertile on achieving allotetraploidy. 

That allopolyploidy after species-hybridization has been an 
important agency in evolution in giving rise to new spcdcs in 
nature is shown by the large number of cases in which allied 
species within a genus or group of genera show chromosome 
numbers which are all multiples of some basic number. For 
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instance, the basic haploid number (x) in the genus Chrysan- 
themum is 9, and 2x, 4x, 6x, 8x, and lox species are known. 
In wheat and oats x = 7, and 2x, 4x and 6x types occur. Similar 
series occur in every large genus of flowering plants as yet 
investigated, with the exception of Ribes and Antirrhinum. 

The evidence goes to show that while some of these series 
may be due to the occurrence of autopolyploidy (p. 335), the 
great majority, notably of sexually reproducing types, are due 
to initial allopolyploidy. 

Kinsey (1936) suggests that species-hybridization (presumably 
followed by aUotetraploidy) has played a considerable role in 
the evolution of the gall-wasp family Cynipidae, but his con- 
clusions are unsupported by experimental evidence, m general 
it appears unlikely that this mode of speciation has occurred to 
any extent in any animal group. It has been suggested that 
polyploidy might be commoner among hermaphrochte animals 
on account of the absence of the X-Y sex-determining mechan- 
ism, but M. J. D. White (1940) has shown that even here it is 
much rarer than in plants. In moths, Federley has shown that 
allotetraploid hybrids may arise through non-reduction of the 
chromosomes in gametogencsis. But new species do not appear 
to arise in this way, partly because mating preferences keep 
normal species apart, partly because the hybrids are not fully 
fertile (see Federley, 1932). Species-hybridization occurs in fish, 
but we do not know the cytological phenomena. Hubbs (1940) 
has described cases in which desiccation in the American desert 
has broi^t together in one pool two species or^inally dififeren- 
tiated in relation to lake and stream Ufe. £.g. with chub, two 
pure species and many hybrids were found in a single section 
of creek. Such cases would repay, further invest^ation. 

Considering the general role of allopolyploidy in plant evolu- 
tion, we may conclude that it is likely to occur when changes of 
climate bring about range-changes, these then providing oppor- 
tunities for hybridization between plant species which luve 
developed in isolation and between which no reproductive 
barriers have therefore been evolved, such as different flowering 
seasons or adaptation to different insect pollinators. But, once 
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induced, allopolyploidy often provides die opportunity for taking 
advantage of the new conditions. This is partly due, as with 
autopolyploidy, to increased vigour and resistance, pardy to die 
fact that quite new types, some of which are pre-adapted to 
various ecological con<htions, are produced (pp. 336, 351), and 
finsdly to the plasticity conferred by a certain degree of hetero- 
genetic chromosome-pairing. 

This plasticity is due to the fact that heterogenetic chromosome- 
pairing produces a unique type of variation. The mechanism of 
meiosis produces segregation and recombination. The characters 
segregated and recombined arc in the vast majority of organisms 
dependent on single-gene mutations which form part of the 
general constitution of the species. However, in allopolyploids 
with some degree of heterogenetic pairing, what are segregated 
and recombined are not single genes, but groups of genes which 
have evolved for long periods, often millions of years, in isolation 
from each other, so that such species possess a new kind of 
recombinational variation in their genetic stock-in-trade. 

We must finally consider the cases of so-called aneuploidy 
or secondary polyploidy, in which some kinds of chromosomes 
are represented more often than others in the total complement 
(polysomy). Different strains within Viola kitaibeliana include 
not only polyploids, and polyploids lacking one chromosome 
(monosomies), but polyploids with some chromosomes poly- 
somic (Clausen, 1927). The analysis here is not, however, so 
clear-cut as in the species of dahlia, D. rtierckii. All species of the 
genus Dahlia save this one have n = 8 or some multiple of 8; 
D. merckii, however, has n = 18. Cytological evidence proves 
that this must be interpreted as a tetraploid in which two kinds 
of chromosomes are represented by tluree pairs instead of two; 
i.e. whereas most kinds of chromosomes will exist in the form 
FF», F*F*; GiG», G*Ga, two kinds will exist as A^AS A»A*, 
A>A»; B*B*, B®B®. The species is thus mainly tetraploid, 

but partly hexaploid. It is noteworthy that this species shows 
more striking difierenccs from the rest of the genus than does 
any other. This is to be expected, since the balance between 
the genes contained in different chromosomes is upset. Such 
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cases must have originated suddenly by duplication of whole 
chromosomes, those forms surviving which have a proper genetic 
balance. They are not knovm for certainty in diploids: the 
reason here is presumably that the upset of balance would be 
more considerable (2 : i instead of 3 : 2).* Collins, Hollings- 
head and Avery (1929) produced a seconduily balanced “species” 
of Crepis, C. artificialis, by crossing the tetraploid C. biennis 
(an = 4x = 40) and the diploid C. setosa (an = 8). In the Fi, 
the 20 biennis chromosomes formed 10 pairs by autosyndesi;, 
but the 4 setosa chromosomes segregated at random.) However, 
after some generations of selfiing, a true-breeding Strain was 
produced in which two of these had been completely lost, while 
the other two had become paired. Here, then, the Wcondary 
polyploid has been produced by loss of chromosQmes.\ Accord- 
ing to Sikka (1940) secondary polyploidy has played a con- 
siderable role in the cabbages {Brassica). The basic chromosome 
number is x = 5. Stra%htforward tetraploids (an = 20) exist, 
together with both plus and minus secondary tetraploids (an 
=20-}-4; 2n==2o— 2; 2n=20— 4). From these various forms 
allopolyploidy has produced new species, with an = 34, 36, 38, 
and 48 chromosomes respectively. 

Darlington (1937) has given cogent reasons for believing that 
the whole Pomoideae section of the Rose order, comprising the 
apples, pears, medlars, etc., are of similar constitution, derived 
firom a basic number of x = 7, by tetraploidy followed by 
extra representation (six times instead of four) ‘of three chromo- 
somes. They then have an = 34, four of the original seven 
chromosomes being represented by two pairs each, the remain- 
ing three by diree pairs. It is probable, though by no means 
fcertain, that this cDndition has been reached by the loss rather 
than the addition of chromosomes after a cross. On paleonto- 
logical grounds, this condition must have or^ht^^ not later 
than -the early Tertiary period. 

* An aneuploid fonn with extra representation of one kind of chromosome 
lias been experimentally produced in tobacco (Nkotiana) by Webber (1930) ; the 
result here followed five generations of in<-breeding after a cross, and involved 
various complex processes which need not concern us here. Lammarts (1932) 
has, by similar methods, produced another “species” of this type. 
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Thus in addition to the various evolutionary implications of 
polyploidy already mentioned, we see that it permits a new 
type of initial variation, in the shape of alterations in the numerical 
balance between different kinds of chromosomes. 


10. RETICULATE DIFPERENTIATION 

We must now briefly consider the extremely complicated state 
of affairs to be found in certain plant groups like the roses {Rosa), 
brambles (Rubus), willows (Salix), and hawthorns (Crataegus), 
resulfing in a network of forms (reticulate evolution). 

In all these groups, matters are complicated by a combination 
of polyploidy and various methods of non-sexual reproduction. 
In the Caninae section of the genus Rosa, what has been called 
subsexual reproduction occurs. The species of this group typically 
possess 35 chromosomes, 7 being the basic number for all roses. 
In the formation of ova, 14 of these normally pair at meiosis, 
while the remaining 21 all go to one pole of the spindle. This 
results in cells with 7 and with 28 chromosomes respectively, 
and from the latter the ova arc formed. In the formation of 
pollen, on the other hand, no such differential behaviour of the 
unpaired chromosomes is observed, but most of them are elimin- 
ated from the nuclei by lagging during division. The result is 
that the majority of the viable pollen-grains have the complete 
single set of 7, together with o, i, or 2 others. The 21 unpaired 
chromosomes arc thus generally handed down ascxually, while 
the few that appear in viable pollen grains provide a certain 
amount of excess variability. The Caninae group has undoubtedly 
arisen through hybridization— cither by repeated crosses between 
dificrent types of diploid species or by a cross between hcxaploid 
species — after which the special peculiarities of the system must 
have arisen adaptively. It is noteworthy that whereas self- 
pollination leads to sexual reproduction, cross-pollination nor- 
mally acts as a stimulus to parthcnogcnctic development. 

In other sections of the genus, all the even-multiple polyploids 
(and even certain of the diploids) appear to have arisen as species- 
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hybrids. In some eases these hybrids are interchange heterozygotes, 
with the result that segregation produces forms resembling the 
presumed original parents. Crosses between diScrent species often 
occur, and may be viable and capable of reproduction (Darling- 
ton, 1937, pp. 460 seq.). 

It will thus be seen that hybridization is not uncommon in 
the genus Rosa, and that as the result of it, in addition to true- 
breeding polyploid species, a certain amount of segregation, 
cither of single cliromosomes or genomes, takes place. The group 
thus forms a network, in which convergent spedesrformation 
lias not merely led to new species, but also to theiri partial or 
total dissociation; and some of the new types produced by this 
dissociation will maintain themselves. Tlie course of events can 
be represented as a network, so that we can speak of the Involution 
of the group as reticulate (Turrill, 1936). \ 

The same absence of sterihty-barriers between related species 
as is shown by Rosa occurs also in Rubus, though here the position 
is complicated by the fact that whereas crosses between closely- 
related species usually yield true hybrids, those between more 
distantly rebted forms yield “false hybrids”. These are produced 
entirely apomictically, aldiough the stimulus of the foreign 
pollen appears to be necessary. A remarkable fact is that in New 
Zealand, though reticulate evolution is frequent in die flora, it 
does not occur in Rubus (Allan, 1940). 

Some hybrid Rubus forms breed true as new polyploid spccid 
(this is also true of die loganberry, a species ardficudly produced 
by allopolyploidy after a cross between raspberry and black- 
berry). In nature, species occur with 2x, 3x, 4x, sx, 6x, 
and 8x chromosomes (x — 7, as in Rdsa), and apparendy 
divergent segregants as well as convergent hybrid forms are 
produced. 

Crane and Thomas (1939) have shown that reproduction in 
the polyploid species may be entirely sexual, entirely apomictic, 
or partly sexual and partly non-sexual. In addition segregation 
may occur even in apomictic reproduction by means of crossing- 
over, the apomictic embryo presumably arising after the first 
mciotic division. Some of the distinctive types thus produced 



SPECIATION, ECOLOGICAL AND GENETIC 353 

breed true and maintain themselves in nature (and see p. 334). 
Ibus “many of the spedes and micro-species of Rubus are 
evidently clones and subclones, produced by segregadmi and 
maintained by apomixis”. 

The willows {Salix) show the same bewildering mpltiplicity 
of “species” in nature as do Rtibus and Rosa, and almost certainly 
for the same general reasons (see e.g. Nilsson, 1930), and synthetic 
species have been artificially created (p. 345). Bewildering hybrid 
swarms are found in New Zealand (e.g. in Aleuosmia, etc. p. 355; 
Allan, 1940), but cytogenetic investigation is needed before we 
can say if they are of the true reticulate type, or merdy show 
mendelian gene-recombination. Similar but less extreme “reticu- 
lation” appears to occur in one section of the genus Viola. 

As a result of these processes, the classification of such groups 
according to ordinary criteria is rendered all but impossible. 
We may quote what an experienced plant systemadst has to say 
on the matter (TurriU, 1936): “The taxonomy of the British 
genus Rubus is in such a state that specialists somedmes cannot 
agree in more than one determinadon in ten. It is probable that 
in such genera a totally different scheme from that of species 
and varieties will have to be evolved before stabUity of expression 
is reached.” 

The case of the hawkweeds {Crepis) is dealt with elsewhere 
(p, 372). Babcock and Stebbins (see Stebbins, 1940a) propose the 
term polyploid complex for groups in which self-perpetuating 
secondary hybrids between auto- and allopolyploid forms arc 
produced, so diat “there arises a complex network of interrelated 
forms, which defies classification according to the usual concepts 
of the spedes” — ^i.e. which shows redciUate evolution. Reticulate 
polyploid complexes of this sort occur not only in Crepis, Rosa 
and Rubus, but in scores of other plant genera. 

This “convergent-divergent” type of reticulate evolution may 
be contrasted with the “recombinational” type found in man. 
Here, a reticulate result has been achieved by quite other means. 
Instead of the initial crossing being between distinct spedes, and 
the divergent variability being due to segregation of whole 
rhfom osnrnes or genomes, the crossing appears to have taken 
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place between well-marked geographical subspecies,* and the 
divergent variability is thus due to ordinary gene recombination. 
So far as we know, no polyploidy and no formation of specially 
stable types has occurred, but the progressive increase of migra- 
tion and crossing has led to a progressive increase of general 
variability (see general discussion in Huxley and Haddon, 1935; 
Huxley, 1940). 

Man is the only organism to have exploited this method of 
evolution and variation to an extreme degree, so that a new 
dominant type in evolution has come to be represented by a 
single world-wide species .uistead of showing an adaptive radia- 
tion into many interstcrile species. Doubtless this is due to his 
great tendency to individual, group, and mass migration of an 
irregular nature, coupled >vith his mental adaptability which 
enables him to effect cross-mating quite readily in face of differ- 
ences of colour, appearance, and behaviour which would act as 
efficient barriers in the case of more instinctive organisms. 

Keith and McCown (1937) refer to the extraordinary varia- 
bility of Palestine man some sixty thousand years ago. As a 
“neandcrdialoid type can be distinguished in this population, it 
may be suggested that the variability is partly dependent on 
crosses with H. neanderthalensis. 

It is interesting that in the animal group widi the largest 
powers of irregular dispersal, the birds, adumbrations of the 
same process occur. We have already spoken of the hybridization 
of the two species of fficken (p. 250), but in addition to the 
“mixed zone” where the two species have come into contact 
by extending their ranges, obviously hybrid birds are found 
sporadically in the areas of the pure species, the frequency of 
such forms naturally diminishing with distance from the mixed 
zone (Taverner, 1934). 

We have also (p. 252) mentioned the somewhat similar picture 

* Some authors, such as Cates (1930), prefer to call them distinct species: 
the dilTcrcncc is here largely a matter yf convenience, but since they arc clearly 
of geographical origin and completely or reasonably interfertile, so that the 
resultant largely hybrid group constitutes a single interbreeding unit, it scems^ 
better, and more in accord with modem practice, to style them suluperics of 
a single large sfH'cies or Riissenk'reis (p. 163). 
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presmted by the red-tailed hawks of the g^us Buteo in r^anaH? . 
Here the number of sporadic hybrids occurring within the areas 
of the various normally pure types appears to more consider- 
able (Taverner, 1936). Taverner points out that the occurrence 
of sporadic individuals of the general type of one subspecies or 
species within the range of another occurs in a fair number 
of birds. 

A slightly different effect is shown by the water-thrush (Seiurus 
noveboracensis), a migratory species. McCabe and Miller (1933) 
find that this species shows “incipient geographic differentiation” 
into three statistically separable subspecies, but “even in the 
geographic centres of one of these races individuals may appear 
that show a considerable approach to the other race. Geographic 
segregation and correlation of characters ... are incomplete 
not only at the borders or zones of intergradation, but to some 
extent throughout each race”. 

We have already referred to the hybrid swarms produced by the 
crossing of plant species in nature (pp. 147, 353). These may be so 
extensive and so successful that they constitute a definite element 
in the flora of a country. Evolution in such cases is also reticulate, 
though the meshes of the biological network will not be so 
large as in Rubus or Rosa, and the result is more like that obtaining 
in man. The best-investigated cases come from New Zealand, 
where no fewer than 491 hybrid groups have been recorded 
(Allan, 1940). Allan refers to “colonies of Hebe that present a 
multitude of forms none of which can at present be separated 
out as belonging to a ‘good species’ ”. The same sort of thing 
occurs in Leptospermum and Senecio. In Aleuasmia there is an 
extraordinary multipHdty of forms, many of them hybrids, in 
the northern part of North Island, N.Z. ; the complexity diminishes 
with increasing latitude, until in the southern part of the island 
only a single well-characterized species is found,* As Allan says, 
new methods of nomenclature must be devised to deal with 
such situations. 

In many cases the hybrid swarm arises as a result of human 

* We have here a very unusual form of dine— in degree of intetspecifk: 
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interference (see p. 258). This probably applies to the kidney 
vetdi, Anthyllis mlneraria (Marsden-Jones and Turrill, 1933), 
where what seem originally to have been well-marked geogra- 
phical varieties (subspecies) have hybridized in numerous areas 
to give rise to complex hybrid swarms, each with its own 
characteristics (sec also pp. 247, 291). 

It has been suggested (Lowe, 1936) that the state of afifairs to 
be found in the groimd-finches of the Galap^os and the sickle- 
bills of Hawaii is to be explained as the result of large-scale 
crossing and reticulation. However, we have seen (p. 327) that 
diis is not supported by more careful analysis. Hybridization 
does seem to occur occasionally, however. Lack (i94C») men- 
tions Geospiza cinerostris darwini, which occurs on a single island 
and appears to have arisen as a hybrid between G. c. p^pinqm 
and G. magnirostris: as would be expected it is exceedingly 
variable. One other such case is also known in the Geospizids. 

It will be seen that reticulate evolution, though uncommon, 
is not so uncommon as was until very recently supposed. There 
is a natural reluctance among systematists to recognize its exis- 
tence and its implications, since these run counter to the generally- 
accepted basis of taxonomic practice. The fact that this basis is 
largely unconscious merely enhances the reluctance 'to change. 
It may be that once the necessity of admitting the existence of 
reticulate differentiation has been recognized in principle, it will 
be detected, in large or small degree, in a much greater number 
of instances, especially among plants, but also among animals. 
In the latter case, it is likely to be of the small-meshed or recom- 
binational type only, while in plants both this type and that of 
the polyploid complex are to be expected. 


II. atUSTRATIVE EXAMPLES 

To illustrate how difierent the methods of speciation may be 
in higher a nim als and higher plants, two concrete examples are 
here presented of genera which have recently been subjected to 
the fuU^t analysis — the feuitflies (Drosophila) and the hawkweeds 
(Crepis). 
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Dtosophila is unique in being the only genus among either 
plants or animals in which we h^ve at o\a ^posal not only the 
results of intensive taxonomic study of the usual type and of 
work on ecology and population-structure, but of an astonish- 
ingly complete genetic analysis and of what we nuy call ultra- 
cytology *(of salivary gland chromosomes). Furthermore, it has 
a very wide range, and comprises a large number of species. In 
what follows, the accounts of Muller (1940) and Spencer (1940) 
have been mainly drawn upon, while Dobzhansky’s book (1937) 
has also proved a mine of information, and M, J. D. '^^te 
(1937) gives a brief but useful summary. 

A recent careful taxonomic study by Sturtevant (1939) has 
been undertaken in forty-two species of the genus available for 
detailed examination. Twenty-seven characters were selected 
which could not be regarded as due either to similarity of 
developmental processes, or to selective (adaptive) agencies, and 
their correlations tabulated. Further work is in progress, but on 
the basis of the results to date it was found that the accepted 
taxonomy should be modihed, and the genus should be divided 
into three subgenera, one so far containing only a single species 
(D. duncmi), one (subgenus Drosophila) containing such species 
as Junebris, hydei, repleta, and virilis, and the third (subgenus 
Sophophora) containing other well-analysed species such as 
melanogaster, simulans, athabasca, azteca, ananassae, miranda, obscura, 
pseudoobsatra, and subobscura. 

The two main subgenera differ in such points as the hision 
or separation of the posterior pair of Malpighian tubes, the 
number of filaments on the egg, and the shape of the dark 
posterior bands on the abdominal segments. 

A considerable time ago Sturtevant in his monograph (1921) 
showed that many of the specific characters in the genus could 
be matched among the mutant characters which appeared in 
experimental cultures. 

The conclusions reached on the basis of cytogenetic work ate 
as follows. Firsdy, Drosophila is as yet the only organism in 
which suffidoitly detailed tests can be carried out to decide 
whether, in addition to obviously mendelizing characters, the 
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vague types of variation, more fluid and more continuous in 
their phenotypic variation and their inheritance, also mendelize 
and are therefore dependent on chromosomal and particulate 
inheritance, or are due to some quite different type of process 
(cytoplasmic inheritance, organismal relations, etc.). The answer 
is decmve; with one possible exception, perhaps due to a virus 
(L’H^ritier and Teissier, 1938), all heritable differences in Droso- 
phila are chromosomal. The further important conclusion can 
be drawn that “small” mutations, with slight effects, many of 
them often affecting the same character, are more frequent than 
large ones, and much more important in evolution (Midler, 1940). 

Another important general result (p. 75; Dobzhansky, 19396) 
is that wild populations are full of gene-differencffi, mosdy 
recessives in single dose, to an extent much greater than originally 
thou^t possible. These gene-differences must be presumed to 
have originated by mutation of the same type as has been studied 
in the laboratory, though recent work (p. 55; Zuitin, 1941) 
indicates that, owing to the rapid changes in temperature, etc., 
in the wild, the mutation rate in nature may be considerably 
higher than in standard laboratory conditions. 

Detailed population analysis has also revealed the important 
fact that populations from different areas, though superficially 
alike, often differ in regard to their content of recessive genes 
and also of chromosome rearrangements. Further, different species 
of the genus show different degrees of this local differentiation, 
doubtless owing to difierences in behaviour and ecology (see 
Dobzhansky, 19396, N.W. and E. A. Timofeeff-Ressovsky, 1940). 

Quite recently Spencer (cited by Muller, 1940) has shown 
that a limited fertihty exists in crosses between two species of 
the genus — D. virilis and D. americana* The genetic analysis 
thus made possible revealed that all the character-differences 
investigated were due to multiple genes, each having a s mall 
effea. 

* The latter is sometimes referred to as a subspecies of D. virilis, but the 
differences between the two in ordinary taxonomic characters, in polyploidy, 
and -in chromosome morphology are, according to Spencer, as great as those 
between various pairs of forms within the genus, which are universally recog- 
nized as “good species”: but see below, p. 367. 
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Although the hybrids between D. melanogaster and D. simulans 
are wholly sterile, Muller, by an ingenious method (Muller and 
Pontecorvo, 1940), has recently been able to obtain flies with 
combinations of the chromosomes of the two species which are 
equivalent to the results of a back-cross between a hybrid Fi 
and the melanogaster parent. The results show that in boA species 
each major chromosome (X, II and HI) cemtains interacting genes 
aflecting viability and another interacting system aflecting fer- 
tihty. The small IVth chromosome of simulans, when transferred 
into an otherwise pure melanogaster genotype, produces various 
new genetic effects. Again, the abnormality of abdominal band- 
ing and bristles shown in the normal Fi turns out to be due to 
interaction between a sex-linked simulans gene and one or more 
autosomal melanogaster genes, a result reminding us of the 
melanotic tumours produced by species-hybridization in certain 
cyprinodont fish (p. 66 ). 

In general the results thus support the view that once groups 
become isolated they start to diverge in respect of a number of 
genes, and that these are interlocked in a harmoniously-stabilized 
system or systems. After a certain time, apparently not of great 
duration, the specific systems become mutually inharmonious or 
even incompatible through the sheer accumulation of diflerence. 

It has sometimes been suggested that sterility between species 
depends on special factors. Here, again, the evidence fiom 
Drosophila is to the contrary. The two “races” (well-differentiated 
genetic subspecies) of D. pseudoobscura show a marked lowering 
of fertility on crossing, the Fi males being wholly sterile, the 
females very sUghdy fertile. By an ingenious method (only 
possible in a genetically well-analysed form), Dobzhansky has 
shown that, in later generations from back-crosses of the hybrid 
females to either pure species, the fertility of the males depends 
wholly on the particulv combination of “fertility genes” (or, 
if the term be preferred, “sterility genes”) which they happen 
to receive. These genes are distributed through all the chromo- 
somes, and furthermore (as was also noted for the uirilis-amcricana 
cross) different strains of each parent type differ in their cross- 
ability, owing to their containing different complements of 



36 o evolution: the modern synthesis 

fertility genes. Tlius die special criterion of most animal species, 
their mutual infertility, appears in Drosophila to depend Wgely 
on gene-mutations (together with sectional chromosomal muta- 
tions, as mentioned later). 

In addition, the intensive genetic work carried out on single 
species of the genus, notably D. melanogaster, has shown that 
they all contain the genetic potentiahty for developing strains 
with reduced interfertility if evolutionary occasion should offer. 
The most interesting and relevant cases are those in which a 
combination of genes exerts an effect on fertility winch is not 
exerted by any of the genes singly. Thus curly wing and tnoir^ eye 
when in combination give males with almost complete infertility. 
An opposite effect is found in relation to deltex, which in most 
stocks thickens the wing-veins and also produces compfete male 
sterility. However, Bridges has found three separate '!‘deltex- 
suppressor” genes, two autosomal and one sex-linked, which 
almost wholly suppress both the morphological and the sterility 
effects of deltex. 

Similar effects are known for viabUity (see Chapter 3). Muller 
points out that such effects, of reduced fertility and viability 
after crossing, are bound to arise sooner or later in strains that 
are in any way reproductively isolated from each' other. “For, 
given enough mutational dif^rences, some at least of the genes, 
in recombination, will give non-additive effects on viability or 
fertility, and, as is always the case with effects not yet subjected 
to the sieve of selection, these effects will far oftener be adverse 
than beneficial.’’ Thus any partial genetic isolation will auto- 
matically tend to become more complete with time. Further- 
more, natural selection will also operate to reduce the wastage 
caused by any degree of lowered fertility after crossing. Fi 
sterility wiU be favoured as against ¥2 sterility, Fi inviabUity 
as against Fi sterility, and mutations preventing Pi crossing at 
all (psychological and reproductive barriers) as against those 
concerned with effects on Fi. 

The same general -principles apply to viability, to normality 
of development, and to normality of chromosome-conjugation 
in meiosis. Genetically isolated groups are bound to develop 
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thciT own ch^actcristic systems of genes adapted to harmonious 
development and function, but these gene-systems are equally 
bound to become more or less disharmonious vis^-^vis each 
other, so that crossing will produce some reduction of har- 
monious functioning in Fi or later generations. In particular, 
certain genes which on their first incorporation were merely 
advantageous deviations will become converted into necessary 
bases for later stages of the genetic system. 

It is extremely unlikely tiiat hybrid sterility in higher animals 
can ever be brought about by a single gene-mutation or a single 
sectional rearrangement. On the other hand, reduction of cross- 
abihty might be brought about in this way, and would then 
lay the foundation for the development of interstcrility. 

The existence of a highly difierentUted sex-determining 
mechanism, as in Drosophila, provides an extra cause of hybrid 
sterility. In the first phce, the X-chromosome (in Drosophila) 
contains a disproportionately large number of fertility genes; 
and secondly, sex-linked genes must have especially strong 
expression, since in the heterogametic sex one dose of these 
genes must be balanced against a double dose of any comple- 
mentary autosomal genes. Thus in crosses between incipient or 
full species, sex-linked, genes in the male Fi arc especially likely 
to be in imbalance with their autosomal complements, resulting 
in lowered fertility of this sex. This is the basis for Haldane’s 
rule of the reduced Fi fertility of the heterogametic sex in wide 
crosses; as Muller points out, similar or even larger effects may 
be exerted in later generations. Here again the species of higher 
animals may be regarded as being more highly differentiated, 
and mote sharply delimited genetically, than those of plants. 

Drosophila, owing to its giant salivary gland chromosomes, is 
especially favourable material for studying sectional chromosome- 
rearrangements. Recent work has made it possible to evaluate 
the degree of their importance in speciation with some degree of 
assurance. The first point to notice is that sectional rearrangements 
tend to impede crossing-over. Wherever crossing-over is thus 
interfered with, and the sectional rearrangement is fairly wide- 
spread within the species, the genes in the rearranged section are 
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effectively isolated from those in the corresponding “normal” 
section. Thus, as Darlington especially has stressed, there are 
produced within the species two isolated partial genetic systems 
which may diverge from each other Hke two distinct species, 
by the accumulation of different mutants (see p. 332; also 67, 139). 

It was at first thought tiiat large rearrangements were common 
causes of speciation in Drosophila, but Muller points out that 
in this regard they must be quite secondary to gene-mutation. 
This is shown by the fact that the types of rearrangement which 
most commtmly characterize related species also exist commonly 
within species. I 

In any case, they are much rarer than gene-mutmons, and 
can hardly ever recur identically, as happens with numerous of 
these latter. Furthermore, the above-noted fact of dip genetic 
isolation of the rearranged section from its normal hotaiologue 
will mean that, so long as the rearrangement remains rare, it 
win not have the same evolutionary plasticity, so that its possessors 
will be handicapped if adaptive change is demanded. Thus 
rearrangements are only likely to become estabUshed through 
the accidental process that Sewall Wright calls “drift”, which 
will be favoured by the existence of small more or less isolated 
populations. Their maintenance may also be favoured by their 
heterosis effect, in the heterozygous condition, on vigour and 
productivity. 

Finally, individuals heterozygous for sectional rearrangements 
are destined, owing to their peculiar behaviour at meiosis, to 
give rise to a certain proportion of gametes with an unbalanced 
gene-complement (included by Muller under the term arteuploid), 
which give rise to inviable offipring. The resultant reduction of 
productivity is especially marked with translocations, increasing 
with the size of the translocated section; within this type of 
rearrangement, mutual translocations of practically entire chromo- 
some-arms suffer least. It also occurs with pericentric inversions, 
which include regions on either side of the centromere, and then 
is more or less proportional to the length of the inversion. 

On the other hand, paracentric inversions, which do not include 
the centromere and lie wholly within one chromosome-arm. 
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do not su&r this reduction of productivity. Sturtevant and 
Beadle (1938) have shown that this depends on the fact that in 
Drosophila the polar bodies are all formed in a stra%ht line 
extending radially outwards, and that this causes the aneuploid 
chromosome-sets to remain in the two central polar bodies, the 
egg nucleus and the outer polar body receiving normal gene- 
complements. 

Small “repeats” (including “shifts” of the repeated section 
into another part of the same individual chromosome) will not 
cause any serious loss of productivity. 

The changes that lead to the resolution of a V-shaped chromo- 
some into two rods, or to the reverse process, also occasion little 
or no loss of productivity. It was originally supposed that such 
alterations were readily brought about, but a proper under- 
standing of the chromosomal mechanism has shown that they 
require a combination of several relatively rare events, and must 
diemselves thus be much rarer than ordinary sectional rearrange- 
ments (pp. 365-6). 

The analysis of sectional rearrangements as found in nature, 
both within species and as characteristics of closely allied species, 
confirms the expccutions derived from what we have just set 
forth. In many thousands of chromosomes from wild popula- 
tions of several Drosophila species Dubinin and his associates 
(1934, 1936) found only thirty-five sectional rearrangements. 
Thirty-three of these were paracentric inversions (many of them 
widespread), one was a small shift, and one a small translocation. 
This emphasizes both the difficulty of other types of rearrange- 
ment becoming established, and the rarity of rearrangements in 
nature as compared with gene-mutations. 

Again, D. simulans and D. melanogaster differ sectionally m 
respect of one large and one very small inversion; but they are 
characterized by a large number of visible character-differences, 
which must be ascribed to gene-mutations. A large number of 
gene-differences have been shown to exist between D. virilis 
and D. americana, while sectionally they differ only in two 
inversions and probably one shift. 

A very interesting point, however, is that in some spedcs of 
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the genus sectional reatrangemoits are mudi more numerous. 
This is so in D. pseudoobscura, which has yielded twenty-five 
sectional differences (almost all intra-arm inversions), as against 
seven discovered in D. melanogaster. In this case, di&rent com- 
binations of sectional diBferences are found in dif&rent regional 
populations, and each such population shows the same degree 
of prevalence of sectional rearrangement as characterizes the 
entire population of species such as D. melanogaster. The local 
groups also differ in regard to numerous gene-mutadons. It is 
thus probable that D. pseudoobscura differs biologically fmm other 
species of the genus in being spUt up, owing to some ^ological 
peculiarity, into relatively isolated local groups, wmch will 
facilitate the local accumulation of sectional rearrangements 
through Sewall Wright’s “drift”. The same cause has doubtless 
operated to divide it into the two more or less interste^e sub- 
species, “races” A and B. D. montium is also divisible into similar 
“races”— at least two and probably more. In its race B one arm of 
one of the V-shaped large chromosomes is absent; possibly it is 
genetically inert in the other race (Kikkawa, 1936). 

So far, only very closely-related species have been considered. 
When a greater degree of divergence has occurred, many more 
sectional rearrangements have accumulated. Thus, although D. 
pseudoobscura is quite closely related to D. miranda, Dobshansky 
and Tan (1936) have shown that at least forty-nine chromosome- 
breaks, and probably more like one hundred, must have occurred 
in the course of their differentiation from a common ancestor. 
Patterson and Crow (1940) point out that the small size of the 
breeding-units of D. miranda would allow a large number of 
rearrangements to become irreversibly fixed, whereas the larger 
and less isolated groups of D. pseudoobscura will promote a smaller 
number of rearrangements floating through the population, and. 
fluctuating in frequency. D. athabasca and D. azteca differ in a 
still greater number of rearrangemrats, and, though they; are 
not widely remote systematically from D. pseudoobscura and 
D. miranda, show no recognizable homology with either of these 
in the banding of their salivary gland chromosomes. It is thus 
probable that all these four species share the biological peculiarities 
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ofD. pseudoobscura, whereby sectional reatrangements axe accumu- 
lated widi greater frequency than in forms like D. melanogasUr. 
There is ;^ain no recognizable siinilarity in chromosome-banding 
between D. mdanogaster and D. pseudoobscura. 

One interesting beating of sectional rearrangements on taxo- 
nomy results from their relative rarity, and from the fact that 
most of those occurring in a single chromosome-arm, especially 
if they involve sections of die chromosome-map which overlap, 
cannot undergo recombination with each other by crossing- 
over. It is accordingly possible in certain cases to deduce with 
certainty or high probability the phylogenetic course of events 
by which two related species showing a number of diSerences 
in sectional arrangements diverged. The only restriction on the 
method is that the seriation of steps can be read in either direc- 
tion: to decide which is the origin and which the terminus, we 
must rely on other data, such as morphological resemblances 
and geographical distribution. 

As an example we may take the rearrangements found in the 
third chromosome of D. pseudoobscura. It is found that all the 
rearrangements of race A must have a common origin, and so 
must aU those of race B. These two original types are both 
removed by one step only from a configuration which no longer 
appears to exist, but which was presumably ancestral. In addi- 
tion, from this presumed ancestral type, the rearrangements 
found in the related D. miranda can also be derived. Correspond- 
ing studies on other chromosomes, together Avith data on the 
geographical distribution of the various rearrangements, should 
add considerably' to the accuracy of the results (Sturtevant and 
Dobzhansky, 1936; and see Muller, 1940, p. 233). 

It is well known that the difierent species of Drosophila differ 
in the gross morphology of their chromosomes. Thus the haploid 
melanogaster has 2 V’s, i rod (X), and i dot (microchromosome); 
willistoni has no microchromosome, 2 V’s and i rod, but the X 
is here a V ; virilis has 5 rods and a microchromosomes; immigrans 
I V and 3 rods; etc. 

It was at one time thought that this would throw light on the 
taxonomic relationdiips of the genus. Later research, however. 
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has made it clear that this is not so. As Muller (1940) puts it, 
“Evidently the species wander back and forth between one 
mtlaobase picture and another, so that quite closely related 
. ^ vetv detent chromosomal pictures. Even 

^ -P- Ma in mkm 

important respect as whether the X is a V or a rod. 

The chief processes at work in changing the metaphase picture 
aref (i) fusion or separation of whole arms — ^union of two rods 
to form a V or vice versa. This is more readily accompfhshed 
between autosomes than between the X and an autosome. 


(2) The acquisition or loss of microchromosomes (dote). This 
may occur comparatively readily because of certain tfcchnical 
reasons, whereas the formation or loss of a new chromo^me of 
considerable dimensions would be impossible. (3) marked 
change in the size of a given arm-. This is the least frequfent of 
the three. All these changes are likely to be much rarer than 
ordinary rearrangements, but not so rare as not to occur and 
become established with some frequency when geological time 
is considered.' 


Certain of the changes have consequential genetic effects. 
Thus when an X-rod becomes attached to a previously auto- 
somal rod, the dosage relations of the genes in the new X-system 
must undergo alteration, implying a modification of the whole 
gene-complex. Incorporation of autosomal material in the Y 
will lead to its gradual genetic degeneration to the status of 
inert material. 


Recently Stone and Griffen (1940) have experimentally altered 
the chromosome pattern in D. tnelanogaster by translocation. In 
one stock, the chromosome-number was reduced. The dot-like 


IVth chromosome was translocated (possibly apart from a very 
small residual portion) to the X-chromosome and thus became 
hemizygous in the male sex. Three different sub-types have 
been produced. In one, IV was transferred to one end of the X, 
resulting in a J-shaped chromosome, in another to its other end, 
and in a third it was inserted into the body of the X. 

In another stock, an additional small chromqsomc-pair was 
produced by an elaborate process, resulting in part of the X- 
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chromosome now being represented in excess (sectional hyp^r- 
ploidy) as a new small autosome. 

These and odier conversions were all at a disadvantage against 
the normal as regards viability, but the disadvanuge was not 
very great and Stone and GrifFen anticipate that full viability 
may be fairly soon restored by selection for modifiers, mutation^ 
or recombinational. 

Other recent studies from the University of Texas arc of 
interest in throwing light on the various modes of spedadon 
in the genus. 

Patterson, Stone, and Griffbi (1940) have studied the forms 
allocated to D. virilis. The spedes falls into two groups, {a) forms 
with red pupae, pupating at the edge of the food, and vdth 
adults highly susceptible to ether, {b) forms with grey pupae, 
pupating on the side of the container above the food, and with 
adults more resistant to ether. The “red” group includes two 
subspedes, D. v. americana (regarded as a full spedes by Spencer: 
sec p. 358), and D. v. texana; the “grey” group includes but one 
subspedes, D. v. virilis, but this shows some differentiation even 
within the U.S.A., and its Asiatic form is also somewhat distinct. 
The spedes is rare and local in America, but abundant in eastern 
Asia. D. virilis is unusual in showing marked chromosomal 
differences between its subspecies. D. v. virilis possesses 5 rods 
and a dot as its haploid complement; in D. v. texana Nos. 3 
and 4 ofD. v. virilis are fused to form a V; and D. v. americana 
has Nos. 2 and 3 and also X and 4 fused to form 2 V’s (in the 
female; in the male there is no Y-4 fusion). There are also some 
inversions as between the different subspecies. But the main 
causes of isolation between the forms are sexual (behaviour) 
isolation, low viability of Fi eggs, and compUcated fertility 
relations. Thus in male hybrids between “red” and “grpy” forms, 
those containing a “red” Y-chromosome must also contain and 
and 5th chromosomes from the same parent strain if it is to be 
fertile. This relationship causes high sterility in the subspedfic 
crosses that go easily, namely with “red” males, whereas the 
redprocal cross, though it can only be made with difficulty, is 
fertile. This applies only when “grey” forms from northern 
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U.S.A. arc used; the south-western and Asiatic types will not 
cross at all with “red** forms. 

The net effect is that in some regions a certain amount of 
gene-transfer is likely to occur between the two subspecies, or, 
as we had better call them, semispecies. And this, as Scwall 
Wright has shown for ordinary subspecies (p. 229), will be 
beneficial in conferring greater plasticity in evolution, though 
the loss of productivity due to crossing will act as an immediate 
offkt against this long-term advantage. A curious fart is the high 
degree of sterility found in pure cultures of both “red” subspecies. 

The home of the species (or supraspecies) appem to be 
eastern Asia, and the forms of the “red” group we may con- 
jecture have differentiated owing to “drift” in the spar^ popu- 
lations found in less favourable areas. \ 

The case of D. mulleri and its relations (Patterson and' Crow, 
1940) is equally interesting, but quite difierent. 

The group consists of D. mulleri, with the two subspecies 
D. m. mulleri from Mexico and Texas and D. m. mojavensis, a 
pale desert form from the desert area of California, and D. 
aldrichi, also from Texas (but probably from Mexico as well), 
but with a rather more restricted distribution than D. m. mulleri. 

The mulleri-aldrichi pair are very similar to the melmogaster- 
simulans pair, in resembling each other closely (there are a few 
minor but diagnostic chararter-difftrences), and in overlapping 
considerably in their distribution. In both cases there is com- 
plete genetic isolation between the members of the pairs in 
nature, but the isolation has proceeded a st^ further in the 
mulleri group, since the cross between the two can only be made 
one way. Ecobiotically there is more differentiation, aldrichi 
taking considerably longer for its development than mulleri. 
A few Fi male hybrids (all hybrids are sterile) have been dis- 
covered in nature, showing that some reproductive waste still 
occurs. The gross chromosome-structure is similar and there are 
few if any large sectional rearrangements. It would appear that 
the ancestor of D. aldrichi developed genetic incompatibility 
with D. mulleri while isolated, that the incompatibility was due 
in the first instance to the progressive accumulation of gene- 
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mutations (thougjb it may have been strengthened later by 
selection: see p. 287), and dbat, once presoit, it permitted dldrichi 
to spread and to exist side by side with muUeri. 

D. m. mojavensis appears to be a true geographical subspecies. 
Hie distributional centre of the species appears to be Mexico, 
and it is a warm-<limate form unable to tolerate low winter 
temperatures. Its spread northwards into U.S.A. was thus restricted 
to the warm plains on either side of the Mexican-Roddes moun- 
tain system, and the western group, reaching the Cahfomian 
desert, there evolved into a markedly distinct subspecies, D. m. 
mojavensis. This shows several large sectional rearrangements 
which were able to establish themselves owing to isolation; 
but it still produces fertile offspring with D. m. mulleri, at least 
in one of the reciprocal crosses. 

Patterson and Crow compare the mulleri to the pseudoobscura 
group (D. pseudoobscura A and B and D. miranda). In each case 
there are three forms, one of which behaves as a good species 
while the other two are best regarded as highly differentiated 
subspecies. There ate some differences. Thus the mirandor-pseudo- 
obscura cross is almost but not quite sterile. Further, the ranges 
of pseudoobscura A and B overbp, and probably still exchange 
genes in nature; and the visible ecocUmadc difl&rentiation of 
D. m. mojavensis (pale colour) is not found in D. pseudoobscura. 
The chief difference is in regard to sectional rearrangements, of 
which there are many between pseudoobscura A and B and still 
more between either of these and miranda. This appears to be 
correkted in part with the abundance of the mulleri forms and 
the greater size of there breeding popuktions. Patterson and 
Crow suggest further that sectional rearrangement in the mulleri 
forms may be accompanied, as in D. melanogaster, by breakage 
effects, in the shape of visible and lethal pseudo-mutations. 
This would tend to keep rearrangements down to a minimum. 
Such effects must be negligible or absent in the pseudoobscura 
group. These examples iUustrate vividly the unexpected modes 
of taxonomic dii&rentktion to be found in insects. 

Interspecific grafting (Stubbe and Vogt, 1940&) has revealed 
thtt di^ent Drosophila species differ both quantitatively and 



370 evolution: the modern synthesis 

qualitatively in regard to the precursor substances involved in 
eye-colour differentiation. 

An interesting point for whidi no adequate explanation has 
yet been found is that, whereas in most Drosophila species, many 
clear-cut characters with sharp dominance are found, in D. 
virilis most characters are determined by multiple factors, often 
widi incomplete dominance. It was a lucky chance that D. 
rrtelanogaster and not this species was first chosen for genetic work. 

Muller is careful to point out that other groups of animals 
(let alone plants) may have genetic mechanisms which do not 
favour the same kinds of evolutionary change as in Dnsophila. 
We have already mentioned the fact that having the pol» bodies 
all in one line, while no crossing-over occurs in the male, permits 
Drosophila to accumulate intra-arm inversions with comparative 
case. This would not be the case cither where the polar 'bodies 
were not formed in line, or where, as in mammals, crossing- 
over occurs in both sexes. Where crossing-over is absent in 
certain regions, other types of inversions could easily become 
established. On the other hand, translocations would be much 
more readily established in any animals whose chromosomes 
behaved like that of Oenothera and Datura. 

The amount of inert material near the centromeres will also 
have its influence, an increase favouring the detachment or 
attachment of whole arms and vice versa. 

There is also evidence (Slack, unpublished, cited in Muller, 
1940) that polyploidy may occur in some animal groups, e.g. 
Hcmiptera-Hetcroptera. This will wholly alter the evolutionary 
possibilities of a group. 

In conclusion, Muller draws attention to the fact that in closely- 
related well-analysed pairs of forms different characters may 
show different degrees of divergence. Thus serological differ- 
ences, though usually agreeing with morphological ones, occa- 
sionally give quite aberrant results — e.g, in regard to the relation- 
ships of D. liydei. Again, Drosophila simulans and melanogaster 
arc the least alike of five pairs of closely related forms in regard 
to morphological characters, but most alike in regard to sec- 
tional rearrangements. In the same study it was found that 
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Drosophila virilis and ammcana were least alike as regards meta- 
phase chromosome-picture, but most alike in respect to their 
fertiUty on crossing. It seems clear that the clement of accident 
is considerable. On the other hand, while complete parallelism 
in regard to divergence in 'diflerent characters is not to be found, 
evaluation of the average divergence of numerous characters of 
several different kinds does give a reasonable measure of the 
relationship between related types. 

Summing up, we may say that' speciation in Drosophila appears 
to have, been brought about mainly by the accumulation of 
gene-mutadons as a result of some sort of isoladon. The isolation 
operative appears to have been mainly geographical. Once in 
existence, it will favour the origin of sterility barriers, which 
in their turn will both permit and favour the increase of morpho- 
logical divergence. 

Certain types of sectional chromosomal rearrangements arc 
also favoured by the genetic mechanism of the genus. Although 
these have played some part in speciation, it appears to have 
been essentially a secondary one, the consequence rather than 
the cause of primary divergence. 

On the other hand, the extent to which such rearrangements 
have proceeded (often rendering it impossible to trace any 
resemblance between the salivary chromosome-structure of 
morphologically not very remote species) shows what a large 
number of such differences accumulate within even a somewhat 
uniform genus like Drosophila; while the known fact of their 
rarity compared with gene-mutation proves that the single-gene 
differences between species must be enormously numerous. Gone 
is any notion of species in h^her animals arising by a single 
mutation, or even by a few steps. Even closely-rebtcd species 
will differ in scores, possibly hundreds of genes, and the longer 
they remain in existoice the greater are the number of genic 
and sectional differences that are likely to arise between them. 
Evolution consists in the accumulation and integration of very 
numerous and mostly small genetic changes (p. 360). 

hi Drosophila as elsewhere, mode of life appears to modify 
evolution. Drosophila pseudoobscura is more differentiated geo- 
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graphically (both as regards sterility-barriers and sectional te- 
arrangemoits) than most species of the genus, which is almost 
certainly to be ascribed to greater isolation between its local 
groups (see pp. 6o, 6i). hi the production of its “races” A and B, 
isolation appears to have been the first step, genically-determined 
sterility the second, and sectional rearrangements the final step in 
evolutionary divergence. 

Even in Drosophila, where the species originally seemed excep- 
tionally well delimited, careful analysis has revealed the existence 
of all grades in speciation, both as regards geographipal sub- 
spedation and the formation of sterihty barriers. I 

All its species so far investigated carry large numbers of recessive 
mutants in nature, and are thus provided with an adequate 
reservoir of variabiUty for future adaptive change and possible 
further spedation. \ 

It seems probable that speciation in most large genera of h^her 
animals is essentially similar to that in Drosophila, though with 
minor difSsrences connected with consequential effects of their 
chromosomal mechanism and mode of hfe. 

♦ ♦ ♦ ♦ ♦ 

The genus Crepis (hawkweeds) has difierentiated in an entirely 
dififerent manner (see the monograph by Babcock and Stebbins, 
1938; also Stebbins, 1940; Jenkins, 1939). Here various repro- 
ductive peculiarities are at work which are available only in 
higher plants, and we are given a very interesting picture of the 
varying roles of selection, environment, and polyploidy in a 
facultatively apomictic plant genus belonging to one of the most 
advanced groups, the Compositae. 

The old-world spedes of Crepis have basic haploid chromo- 
some-numbers ranging from 3 to 7, together with polyploid 
forms. Two of the American forms belong to this group, with 
X = 7, one a circumpolar form found also in the old world, 
C. nana, the odier a dosely-related type, C. elegans, which 
appears to have diverged firom C. nam m America, and to have 
become 'adapted to less extreme climatic conditions. 

All the other American forms have the basic chromosome- 
number X = II. There are seven distinct diploid forms (an = 22) 
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together with a large number of polyploids, all apomictic (though 
often with slight facultative sexual reproduction), with diploid 
chromosome-numbers ranging from 33 to 88, 44 being the 
commonest. In addition, a few aneuploids are found widi 
chromosome-numbers differing by i or at most 2 from a eupoly- 
ploid number. 

The evolution of this group of forms is deduced to have been 
as follows. The original ancestors were produced by hybridi- 
zation between 4-chromosome and 7-chromosome old-world 
types in the Siberian portion of the land-bridge which once 
existed between Siberia and Alaska. This can be deduced from 
the resemblance of the American forms to old-world species 
with these chromosome-numbers. The hybrids underwent 
chromosome-doubling to become fertile allopolyploids with 
2n = 22 chromosomes. They did not spread westwards into the 
old world, partly because they were there confronted with the 
competition of the original and already established types, while 
the area to the eastward had not yet been occupied by Crepis; 
and partly because the prevailing winds are westerly, and this, 
in forms like Crepis with air-bomc fruits, would encourage 
easterly spread. 

From a consideration of the morphological divergence of the 
various American 22-chromosome species from old-world species 
and from their present climatic and geological ranges, it can 
further be deduced that different species were evolved at different 
times — ^the two earliest during the Miocene, the next set (two 
species) in the early Pliocene, the last (four species) in late Pliocene 
or early Pleistocene times. 

These eight fertile species, though allopolyploids in origin, 
have acted functionally as the diploid basis for later polyploidy, 
in America. We can call them the American diploids. They 
seem first to have become specialized to particular climatic con- 
ditions, and the ranges of the earlier species were much restricted 
by the climatic changes that followed. 

As regards their later history, those forms fall into two groups. 
The first consists of a single species, C. rmcinata. This is the only 
American Crepis adapted to moist stream-bank habitats. It thus 
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tends to follow valleys rather than mountain ranges. Accordingly 
it has spread more widely to the east of the Rockies, where the 
drainage basins are more continuous. Also, being ecologically 
isolated from the other species with their preference for more 
arid habitats, it has not hybridized widi them to form allo- 
polyploids. Instead, it has difierentiated to form a polytypic 
species or Rassenkreis, with well-marked geographical subspecies 
in certain regions, and considerable variability in others. For 
some as yet unexplained reason, it has not produced any auto- 
polyploid varieties. 

All the other diploids appear to have hybridized Ito form 
allopolyploids, sometimes with three or more components, and 
in addition also to have produced autopolyploids. In some cases, 
diploid geographical subspecies have also been differentiated. All 
the polyploid forms are apomictic, some entirely, others prepon- 
derantly so. The ancestry of the polyploids can in general be in- 
ferred by the degree of their resemblance to the various diploids. 

The formation of allopolyploid apomicts is favoured by 
climatic and physiographic changes, which bring originally 
separate species into contact. Once in existence, however, the 
apomicts have less evolutionary plasticity, on account of their 
total or considerable lack of recombination. Thus it is highly 
probable that the intense environmental changes during the 
glacial period will have encouraged the formation of many new 
apomicts, while causing the extinction of the majority of those 
produced in earlier periods. 

The effect has been to produce what Babcock and Stebbins 
call a largely agamic polyploid complex, in which all the original 
and qualitatively differentiated diploid types are coimected by 
an enormous array of intergrading forms. These differ from the 
original diploids either in purely quantitative ways (e.g. effect 
of polyploidy on size), or by combining their characteristics.. 
The divergent evolucion of the group, which had given rise to 
the ecologically speciahzed and morphologically distinct diploids, 
came practically to a standstill, to be replaced by gigas pheno- 
mena, recombination of characters, and the segregation of 
innumerable apomict “microspecies”. 
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The number of apomict types is very large near the main 
centres of distribution, but much reduced in oudying areas. 
New types are doubtless being constantly produced near the 
distribution centres, and arc still in process of being “tried out”, 
so that many of them are likely to disappear. The oudying 
forms are those which have survived and spread after earlier 
origin, and therefore tend to have larger areas of distribution. 

The production of polyploids has undoubtedly enlarged the 
range of the group as a whole, while the ranges of the original 
diploids have in general been reduced by competition with 
dosely similar polyploids equipped with greater vigour. 

Babcock and Stebbins also discuss the taxonomic treatment 
of the group. They come to the conclusion that, while any 
such agamic complex is in reality of a wholly different nature 
from a group of non-interbreeding true spedes, yet for practical 
reasons it is best to continue to employ the dassical nomen- 
clature. They accordingly recognize a series of “spedes”, each 
correspondit^ to each of the original diploid groups together 
with its geographical subspecies and its autopolyploid derivatives, 
and attach to each such spedes those apomicts which show a 
preponderant resemblance to its diploid form. The Latin names 
of the apomicts, however, are not regarded as forming part of 
the nomenclature subject to the international rules; following 
Turesson, they are preceded by the abbreviation apm., for fwrma 
apomictica. In addition, two other “spedes” are recognized, con- 
sisting wholly of apomicts which are of such complex origin as 
not to be attachable closely to any diploid type. 

This procedure is purely pragmatic and artificial, and, as 
subsidiary terminology is evolved, may perhaps be superseded (see 
also Turrill, 1938c, for Taraxacum). 

One or two special points may be noted. In the American 
agamic complex of Crepis, the pure autopolyploids are much 
less widespread than the partially or wholly allopolyploid types, 
contrary to the general rule in plants (see Miintzing, 1936), 
and their range as compared with that of the diploids is not 
nearly as great as in such genera as Tradescantia or Galium. This 
is to be ascribed to an ecological reason — ^namely the preference 
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of Crepis for arid habitats. The greater vigour of most auto- 
polyploids might thus cause the plants to demand more water 
than is normally available, while die frequent prolongation of 
their flowering would, in regions of summer drought, also often 
be a disadvantage. Thus in Crepis the chief advantage of poly- 
ploidy has come from allopolyploidy, which provides new 
combinations of characters, permitting their owners to invade 
new habitats. 

In general Babcock and Stebbins regard the production of 
numerous polyploid forms as an evolutionary short cut by which 
a genus may adapt itself more rapidly than by gene-mutation 
and recombination to a rapidly cl^ging environment. On the 
other hand, in the long run, both polyploidy andl apomixis 
constitute a barrier to the more important evolutional process 
of divergent speciahzation, the former because the duplication 
of gene-pairs makes it more diflicult for recessive characters to 
come into action, the latter because sexual recombination is 
impossible. 

Furthermore, the immediate plasticity conferred by allopoly- 
ploidy will only continue so long as the sexually reproducing 
forms of a complex continue to be present and to cross. Thus 
in western America, where Antenmria exists in a polyploid 
complex still containing sexual as well as apomictic polyploid 
forms, it is an aggressive and dominant form. In Newfoundland, 
on the other hand, the genus is represented only by obligatory 
apomicts. These are all relict forms, not at all aggressive, and 
often very localized in their distribution (Femald, 1933). Even- 
tually, groups of apomicts separated from their sexual ancestors 
will be doomed to extinction as they can no longer meet changing 
conditions. 

One effect of polyploidy is to spread the polyploids at the 
expense of the diploids. Thus, while the bringing together of 
diploids by climatic change will encourage an outburst of allo- 
polyploid forms, the very success of the polypk^ids will, if con- 
ditions later become stabilized, gradually remove the conditions 
in which the continuance of their new formation is possible. 

Babcock and Stebbins consider, first, that the present liigh 
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inddence of polyploidy in higgler plants is a consequence of the 
extremely large and rapid climatic changes of the Pleistocene 
and Recent periods, wUch have not only promoted allopoly- 
ploidy by bringing diploids together, but have enhanced the 
evolutionary value of polyploidy as a short cut to meet rapidly 
changing conditions. Secondly, that the prevalence of apombds 
in such groups as Gramineae, Rosaceae, and Compositae is not 
due to any peculiarity of their germ-plasm, but to the fact that 
they happen to be groups which in geologically recent times 
were rapidly evolving in sudi a way as to produce numerous 
young and vigorous agamic complexes.* And thirdly, that all 
such agamic complexes are destined eventually to decay until 
they are extinct or are represented by a few reUc types only, 
wlule new agamic complexes may be formed later by those 
groups which are at the right evolutionary stage when the next 
rapid change of climatic conditions takes place. 

In a later paper Stebbins (19406) discusses the taxonomy of 
some forms related to Crepis in the tribe Cichorieae, notably the 
somewhat primitive genera Soroseris, Duhyaea, and Prenanthes, 

Both the first two appear to have 2n = 16 as their diploid 
chromosome-number, though one probable tetraploid is known. 
Apparently in primitive members of the tribe, quite large changes 
in general structure and macroscopic characters are accompanied 
by comparatively slight changes in chromosomal morphology 
and structure, while the reverse is usually the case in the more 
specialized forms. Dubyaea probably dates from the Cretaceous 
and later became restricted to a “refu^” in the Sino-Himalayan 
area, having been exterminated elsewhere in competition with 
its more aggressive descendants. This confirms Matthew’s view 
(1915) that primitive types tend to be preserved near the margins 
of the range of a group. 

CMe section of the genus appear to have given rise to Prenanthes 
(probably as far back as the early Tertiary), Lactuca, Hieracium 
and Crepis itself. Soroseris must also have been derived from 

* The fact that Crepis rundnata has, owing to its ecological peculiarities, 
escap^ from the agamic complex and undergone a mote normal type of evolu* 
don, is another proof of tfai< 
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DiAyaeA, but probably from a section now ntina, and pediaps 
polyphylctically. It also is restricted to the Sino 4 Iimalayan area. 
It appears to have originated in Tibet, at a time of desiccaticm, 
presumably in the later Middle Tertiary. During the Pleistocene, 
glaciation isolated various groups, thus providing the basis for 
the differentiation of the numerous closely related species and 
subspecies now found in the genus. It is interesting to find how 
different the mode of evolution has been in diesc primitive 
genera from that in Crepis. 

The state of affairs in Crepis may be briefly contrasted with 
that in TuUpa, recendy monographed by A. D. Hall (1940). 
In diis genus there appears to have been considerable diver- 
gmee, not associated with polyploidy, into a nurnbr^ of main 
sections. Within the sections, however, autopolyploidy has been 
frequent, giving 3n, 4n and occasional 5n forms, the anisoploids 
showing vegetative reproduction. In some types, tctraploids have 
originated separately in different parts of the range, giving forms 
which show shght quantitative differences as well as size-differ- 
ences associated with the chromosome-doubling. In some types 
there is considerable geographical differentiation, giving rise to 
forms which zoologists would certainly recognize, as subspecies. 
There is no evidence of allopolyploidy or reticulate evolution. 
In the garden tulips polyploidy is unknown, apparendy owing 
to their large chromosomes (Darlington, 1937, p. 84). 

Similarly, the state of affairs in Drosophila may be profitably 
contrasted with that in the bird genus Zonotrichia, one of the New 
World finches or “sparrows (see Chapman, 19406}. It comprises 
only five species. Four arc North American, one confined (in the 
breeding season) to a central region of northern Canada, another 
to western and southern Alaska and neighbouring islands. A 
diird (Z. albicoUis) is essentially an eastern species, breeding as 
far south as Wisconsin and Pennsylvania, but reaching almost 
to. the Arctic and the Pacific oceans in the N.W. None of these 
three species, not even the last-named with its large range, shows 
any subspcciadon. The fourth, however, with a larger (and 
rather more westerly) range, from Greenland and the St. 
Lawrence to the Pacific, and from the northern tree-limit 
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tot southern Califbtma, has cii£feiaitiated into 4 well-marked 
sttbspedes. 

Finally Z. a^ensis, a Central and South American form, boasts 
no fewer than 22 subspecies. Chapman considers that it was the 
southernmost representative of this originally northern genus, 
was forced southwards across Central America by the onset of 
glacial conditions, and then continued to spread wherever the 
climate was cool enough, until finally it colonked all suiuble 
habitats in South America, down to Cape Horn. Its distribution 
now covers 4,000 miles from N. to S., 3,000 miles from E. to 
W., and 15,000 feet of altitude— a much larger range than that 
of any other member of the genus. 

Once it reached South America, its further spread must have 
been due not to climatic influences, but solely to natural increase, 
which appears to have been rapid in the new territory thus 
made available to a hardy form differentiated in the more rigorous 
conditions of the northern hemisphere. 

The original migration through Central America must have 
been at sea level, but with the post-glacial ameHoration of climate 
it moved up to higher altitudes, thus becoming restricted to 
discontinuous upland areas in various more tropical parts of its 
range. There are two exceptions: certain groups early colonized 
some islands on the Pacific coast of Central America and others 
off the north coast of South America, and thus could not move 
to higher altitudes when the climate grew warmer. The forms 
on the South American islands overlap with those of the adjacent 
mainland in character, but are paler, and distinct enough to 
merit subspecific naming; but the Central American insular 
populations show no visible distinctions from the neighbouring 
m^nland forms, though separated from them by a minimum 
of 2,500 feet of altitude. It would, however, be of great interest 
to see whether they show special physiological adaptations to 
the unusual climate of their enforced habitat. 

Some further points of interest are as follows. All forms of 
the species appear to be residents, except for the southernmost 
subspecies, which is definitely migratory. Here is a good example 
of local adaptation, which must be of recent origin, since this 
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subspecies must clearly have been the last to differentiate. It also 
possesses the longest and the most pointed wing of any of the 
subspecies. Though this must in part be regarded as adaptive, 
Chapman points out that it is in part the culmination of a cline 
in wing-size, which increases more or less steadily southwards 
through the continent, and is presumably a “correlated character”, 
non-adaptive per sc. Adaptive change would here have been 
superposed on non-adaptivc in the migratory subspecies. 

There is also a general N.-S. intergroup sizc-cline within South 
America, but there arc exceptions to it, and there is Considerable 
independence in the variation of the size of diffcreni parts. The 
different subspecies show a good deal of geographic^ variation 
in song. \ 

An interesting barrier is found at one spot in the mountainous 
interior of Venezuela. Here isolation has allowed a subspecies 
to differentiate from the main Venezuelan form; but the table- 
land at the summit of Mt. Roraima is separated from the area 
below by a 1,400-ft. vertical cliff, and this in turn has permitted 
die summit population to differentiate into a darker form just 
distinct enough for subspccific recognition. 

Accidental “drift” in isolated populations has also clearly 
contributed to differentiation. One curious feature is that, whereas 
all the North American species have some yellow on the bend of 
die wing, this is present in only four of the subspecies of capensts 
— one form from the Antilles, and three adjacent subspecies from 
the centre of the east coast of the continent. In die central of 
these latter the yellow is all but universal, but in the subspecies 
to N. and S. it is sporadic, and in one of them only faint. In the 
distant Antilles race it is universal but faint. Here, as Chapman 
points out, we appear to have die partial resuscitation (or less 
probably the preservation) of an original generic character wliicli 
has been lost in the main body of the species. 

In this genus, differentiation thus seems to have been brought 
about via geographical isolation followed by adaptive and 
accidental character-divergence. We have the somewhat puzzlmg 
fact of the absence of subspeciation in one wide-ranging North 
American form, a moderate degree in another, and a high degree 
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in the one South American species. This last fact is probably due 
to the very large range of habitats thrown open to the species 
once it had been pushed through the Central American bottleneck 
by the onset of a glacial climate. Zonotrichia shows no obvious 
trace of the genetic isolation to be seen in Drosophila', and though 
genetic analysis (if it were possible) might possibly reveal that it 
had occurred, it cannot well have played more than a very 
minor role in this genus. 

As a parallel illustration from plants, of the principle that 
differentiation may vary considerably with local conditions (see 
also the case of Crepis), we may take the peonies, Paeonia (Barber, 
1941). The pre-glacial species appear to have been diploids. In 
Europe and the Caucasus, the majority of modem species are 
tetraploids, but in China and Japan there are only a few tetra- 
ploids. The reason appears to be as follows. In the former area, 
the diploids were for geographical reasons unable to retreat far 
to the south before the advance of the ice, and they were exter- 
minated except in a few “refuges”. Any tetraploids which arose 
then had a field almost free of competition, in addition to any 
advantages due to extra hardiness (p. 337), In the Far East, 
however, the original diploids simply retreated southwards before 
the ice, and advanced £^ain in mass on its retreat,* so that there 
was much greater competitor-pressure against any tetraploid 
forms (cf. the case of Crepis, 373). Finally in Cdifomia, for 
reasons unknown, stmctural hybrids of the Oertothera type, based 
on segmental interchange and balanced lethals (pp. 00. 329) are 
found. 

Postscript — Since first printing E. Mayr has published his valuable 
Systematics wiJ the Origiti of Species (New York 1942). Reference 
must be made to his important conclusion that, in higher animals 
at least, with the exception of “biological” differentiation (my p. 
295). the only factor permitting group divergence is geograpliical 
isolation; neither ecological nor genetic isolatioii is ever primary. 
1 am bound to say that Mayr has convinced me on this point. 

* A sintHar mass retreat and advance was possible for die pre-glacial forests 
in North America, but not in Europe, leading to a great impoverishment of 
the Eurtqiean forest tree flora as compared with that of the U.S.A. 
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I. DIFFERENT TYPES OF SPECIATION AND THEIR RESULTS 

So far, we have been considering die different mraiods by 
which species may originate. It should be remcmbcrco that the 
type of origin may have effects upon the subsequent type of 
variation shown by the species. Thus in vegetatively rcpifoducing 
polyploids, variation vwll be much restricted since no recom- 
bination of mutations can occur. In parthcnogenetically repro- 
ducing allopolyploids, on the other hand, crossing-over may 
give rise to pure-breeding segregants (p. 334), so that we may 
expect a number of sharply defined but closely related purc- 
breeding types. In balanced-lethal hctcrozygote species, crossing- 
over will also operate to give large apparent mutations. Sexually- 
reproducing polyploids will show a different type of variation 
from diploids, since each gene will be represented in four or 
more identical or closely similar forms instead of two. This 
will give a greater supply of similar mutations and thus a greater 
evolutionary flexibihty, but less opportunity for single mutations 
to exert any considerable effect. Darlington (1933), looking at 
the matter from the comparative, not the evolutionary, point 
of view, distinguishes six kinds of species according to their 
genetic-reproductive mechanism; (i) the habitually self-fertilized 
diploid; (2) the habitually cross-fertilized diploid; (3) the sexually- 
reproducing fertile polyploid; (4) tlw- mixed species containing 
both diploid and polyploid forms; {5) the complex-heterozygotc 
species (balanced lethal type), as in Oenothera; ( 5 ) the clonal 
spcdcs not reproducing sexuaUy at all. Tim last category could 
Ix divided further into the parthenogenetic forms showing 
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asexual segregaticm, and die test vrhidi do not. To this Ikt we 
may add (7) die mbsexual species like Rosa canim (p. 351); 
and (8) diose animals such as Hymenoptera (and certain beetles: 
A. C. Scott, 1936) with diploid females but haploid males. Still 
futther types mi^ht be added, e.g. those with close linkage 
promoting polymorphism (p. 99). Darlington concludes his 
paper: “Genetics leaves no doubt that each of diese types will 
have certain characteristic properties of variation. It is for the 
taxonomist, armed with the cytological information, to find 
out what these are.” 

Apart from this, selection may be expected to act in quite 
di&rent ways and with quite dififerent intensities according to 
the method of speciation. Our analysis has enabled us to dis- 
tinguish in principle between the causes of their isolation and 
those of their divergence — ^between the fartors making for 
isolation between groups within an original single species, and 
those making for difference in the structural and functional 
characten separating new species from their parents or nearest 
relatives.* Groups separated by geographical isolation arc origin- 
ally species only in posse. Their separation into good species is 
a subsequent process, accompanying the process of character- 
divergence. This divergence is normally slow, but occasionally, 
as on oceanic islands and other places where the intensity of 
selection is relaxed, it may be much more rapid and more 
extensive than usual. 

Elsewhere, as apparently in the case of Drosophila simulans 
and D. melanogaster, the isolation is of such a nature that the 
two groups must be regarded as separate species even when 
still almost indistinguishable in any characters save those which 
isolate tiiem. Indeed it is conceivable that in such species, character- 
divergence may not subsequently occor: in Drosophila simulans 
it has at least been minimal. At the opposite extreme are those 
cases in which the factor inducing isolation simultaneously pro- 
duces character-difference, of an order which will — or at least 
may— be accepted as of specific magnitude by the systematist. 

♦ Plate*s (19x3) chapter on isolation is still very well worth reading in this 
conneddoii. 



384 evolution:, the moubkn synthesis 

Hiis is so in Spartim toumseniii, and most cases of convergent 
and reticulate spedes-formadon. Further character-Kiivergence 
may, of course, occur later, as with Gdeopsis tetrahit (p. 341}, 
but diis is irrelevant to our argument. 

From the standpoint of the mode of action of natural selection, 
spedes will then fall into two contrasted categories. On the one 
himd, we have those in which natural selection can have had 
nothing to do wkh the evolution of the basic specific characten, 
but merely acts upon the spedes as given, in competition with its 
relatives. The^ include all spedes in which character-divergence 
is abrupt and initial. On the other hand, we have those forms 
in which character-modification is gradual. Here naturu selection 
may, and on both deductive and inductive grounds often does, 
play a part in producing the characters of the spedes\ (and by 
characters we, of course, mean not only those which are employed 
by the systematist, but all those which do in point of fact dis- 
tinguish it from its nearest relatives). These include not only all 
forms in which the separation of groups occurs by geographical, 
physiological, or ecological isolation, but also those in which 
the initial separation is genetic but involves no visible differen- 
tiation. 

From the point of view of the intensity of selection, the 
successional evolution of spedes vdll, ex hypothesi, be directed 
by selection wherever the trend of evolution is' towards some 
a^ptive specialization (p. 494). Then it is clear that groups 
separated ecologically will be exposed to a considerable intensity 
of selection to adapt them fully to their different modes of life 
When they overlap spatially with closely-related groups, selec- 
tion may also be expected to act upon them to produce barriers 
to mating (p. 287). This latter mode of selection will not operate 
in the c^ of geographically separated groups, but selection 
towards divergent general adaptation will occur if the environ- 
mental ccmditions in the two areas axe different. When, however, 
the two areas are similar in the environment they provide, there 
will be reduced scope for selection, and if divergence occurs, it 
will be primarily of an acddental and often of a biologically 
nonrsig^^cant nature. This will also apply to spedes which 



SPECIATION, BVOIUTION, AND TAXONOMY 385 

overlap spatiaUy, but owe their or%m to a genetical mode of 
separadcm whidx does not cause visible diflerendation, suck 
as large inversions or asexual segregations: in the former 
case, however, selection should operate, as with overlapping 
ecologically divergent species, to produce barriers to inter- 
breeding. 

We may present the chief results of the two previous chapters 
in tabular form (sec p. 386). 

In the first column we distinguish between the four major 
types of species-formation — succcssional transformation, diver- 
gence, convergence as a consequence of spedcs-crossing, and 
reticulate evolution. 

In the second column we distinguish the main factors leading 
to the separation of two spedes. In succcssional transformation, 
time is the factor at work. In geographical, ecological, and 
physiological divergence there is always some topographical 
isolation. Wc may call this type of separation spatial, contrasting 
it both with die temporal and the genetic; but the scale of the 
spatial factor is diflerent in the three sub-types. If we preferred, 
wc could equally well call it environmental, since it is concerned 
with something outside the organism, in contrast with constitu- 
tional separation, depending on genetic factors. 

Genetic separation operates in the remainder of the divergent 
and in all the convergent types. 

In the third column wc note whether the actual formation 
of spedes, regarded as distinctive or intersterile groups, is gradual 
or abrupt; and in the fourth wc consider the same distinction 
with regard to their visible differentiation. It should be noted 
that the two do not always run parallel. In column 4, the phrase 
initially abrupt means that some visible difference occurs with 
the fiwt abrupt origin of the species, but that fiuthcr gradual 
divergaice may supervene later. 

Finally, in the last column we consider the actual barriers to 
fertility, including under these barriers to cross-mating between 
the pairs of spedes. Consequential impHes that these barriers are, 
in some way (p. 359; Muller, 1940), the consequence of the dificr- 
cnccs that have gradually arisen between the two spedes. Initial 
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impUes dut tlte new spedes is automatically, by its genetic 
constitution, unable to cross with its nearest relatives, or tliat 



the ofispring of such a cross are either infertile or of reduced 
fertility. Selective implies that selection wiE operate to erect 
special barriers to cross-mating or cross-fertility. 
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2. SPECIES-«>RMATION AND EVOLUTION 

Since die origin of species has occupied the centre of the biolo- 
gical stage since the time of Linnaeus, it is to this problem that 
we have devoted the bulk of the two previous chapters. One point 
at least emerges clearly: if Darwin were writing to-day he would 
call his great book The Origins, not The Origin, of Species. 

But we may conclude by looking at the matter from a still 
broader point of view, in the perspective of evolution in general. 
Evolution may be regarded as the process by which the utiHza- 
tion of the earth’s resources by hving matter is rendered pro- 
gressively more efficient. Eairly in the process, living matter 
became organized into cells, evolved a particulate hereditary 
constitution arranged in chromosomes, and developed the sexual 
process. The reason why the sexual process (which in its inception 
was not connected in any way with reproduction) occurs in the 
great majority of animal and plant types alike, is that it con- 
fen a greater potential variabdity on its possessors, and there- 
fore a greater plasticity in evolution. It does this by being 
able to combine mutations which have occurred in dififerent 
strains, and which in an asexual form would have to remain 
separate. 

The exploitation of the earth’s natural resources progressed 
in two complementary ways — ^by improvements in basic mechan- 
isms of exploitation, and by adapting a given basic mechanism 
to every possible kind of environment. We shall discuss the 
former more in detail in our chapter on Evolutionary Progress: 
here wc may give as illustrative examples the colonization of 
the land by plants, and the evolution of considerable size and of 
rapid locomotion by means of limbs in animals. 

Wc then come to the second method. The green plant exploits 
light and air and water in every conceivable habitat, appearing 
here as floating diatoms in the surface layer of the sea, tiierc as 
giant forest trees, here as prairie grasses, there as duckweed in a 
pond. Again, in animals Ac fish type exists in Ae deep sea, in 
its surface layers, on sandy and rocky shores, in rivers, in hAes, 
in caves. There is operative a selection-pressure forcing Ufe to 
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occupy every geographical area and every ecological niche 
within each area. (Sec also Chapter 8). 

Now it is dear that, living matter being what it is^ mere 
difference will quite soon make breeding impossible betweoi 
diverging groups. Chromosomes will not pair at meiosis unless 
reasonably similar, and unless they pair at meiosis, sexual repro- 
duction cannot occur; and see p. 359. With still further divergence, 
the two sets of chromosomes are unable to combine in the 
work of building up a new organism: hardly any case is known 
of offepring resulting from a cross wider than intergemcric.* 
living matter thus inevitably becomes broken up into |i large 
number of non-interbreeding groups, the m^ority of ^which 
coindde with taxonomic spedes. t 

On the other hand, there would seem to be no a priori reason 
why a single spedes should not range over a very wide'lgeo- 
graphical area, varying somewhat from region to region, but 
with all such varieties forming, actually or potentially, part of 
one interfertile group, nor any a priori reason why more than 
one spedes of the same family or genus should occur in the 
same ecological habitat. 

However, we find that in neither case is our expectation 
justified: very large numben of species occur for whose* existence 
there seems at first sight no reason or meaning. On looking 
further into the matter, we see that this depends on two sets of 
facts, one connected with the relation of the organisms with 
their environment, the other with their genetic basis. The 
environment is subjected to changes which create barriers 
between one region and another, and thus isolate groups belong- 
ing originally to the same species. And complete isolation permits 
difierences, both of an adaptive and of a chance non-utilitarian 
character, to accumulate relatively fast in the two groups, until 
in many cases they become new spedes. 

Then the chromosomal basis of heredity is subject to aeddents, 
such as inversion, segmental interchange, hybridity, and poly- 

* Dr. W. B. Turrill in a letter states that the ^widest cross he knows is between 
the rushes Cyperus dentatus and Rhynchospora capitellaia, which arc placed in 
different sub-families of the Cyperaceae. The hybrid is entirely sterile. 
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ploidy, whidh sooner or later vnll reduce or abolish fertile 
mating between the new and the old type. In this way large 
numbers of new species essentially similar to those from which 
they arose are brought into being, and the new and the old 
come to compete with eacli other in identical or {often as tlie 
result of subsequent migration) in overlapping habitats. 

The formation of many ^ographically isolated and most 
genetically isolated species is thus without any bearing upon 
the main, processes of evolution. These latter, as wc shall see in 
later chapters, consist in the development of new types endowed 
with mechanisms of higher all-round biological efficiency; in 
the adaptive radiation of these types to take advantage of all 
available types of environment Mid modes of life; in the coloniz- 
ing of new regions of the globe’s surface; in the tapping of 
new resources for exploitation; and in a more rapid turnover 
of the resources tapped. 

These major processes in evolution thus consist essentially in 
a greater extension of life’s activities into new areas and into 
new substances; in a greater intensity of exploitation; and in 
a progressive increase of life’s control over and independence 
of the environment. Superimposed upon these processes, and 
having little or no bearing upon them, are the processes of 
species-formation we have just described which are the conse- 
quences of accidents in the environment or in the genetic 
machinery of life. Much of the minor systematic diversity to 
be observed in nature is irrelevant to the main course of evolu- 
tion, a mere frill of variety superimposed upon its broad pattern. 
We may thus say that, while it is inevitable that life should be 
divided up into species, and that the broad processes of evolution 
should operate with species as units of organization, the number 
thus necessitated is far less than the number which actually exist, 
Spedes-formation constitutes one aspect of evolution; but a 
large fraction of it is in a sense an aeddent, a biological luxury, 
without bearing upon the major and continuing trends of the 
evolutionary process. 
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3. MODBS OF smXATION AMD SYStMattC 

Having now discussed modem work deafing widhi dbe diflbent 
modes of speciadon, we must now ccmsider its beatings upon 
taxonomy and systematic mediod. Historically, we may dis- 
tinguish three main phases in the history of modem taxcmomy, 
each with different principle serving as its main philosophic 
basis (see Turrill, 1936; Gilmour, 1937)- lu the first or linnaean 
period, the underlying principle was the separate cresition of 
species. In the second or Darwinian phase, it was the 4 octrine 
of descent with modification. And in the third, die Md^dehan 
period upon which we are now entering, it is selection baifed on 
the cytogenetic theory of particulate inheritance and mutation. 

Let us amplify these points a little further. Linnaeus, in the 
latter part of his career, was a firm upholder of the immutability 
of species: “Species tot sunt, quot formae ab initio creatae sunt.” 
This doctrine of the fixity of species was in one aspect the 
rationahzation, or at least the reflection, of the practical need 
for identifying plants for medicinal purposes (see p. 263). Once 
accepted, it lent itself to the furtherance of easy identification. 

If species are immutable and distinct entities, the chief aim 
of systematics becomes that of distinguishing between them. 
This naturally led to the codification of artificial “laws” and 
“systems”, of which that of Liimaeus for higher plants is the 
classical example. This was really no more than a key to the 
identification of larger entities, based on arbitrary and for the 
most part biologically almost non-significant features such as the 
number of stamens and pistils.* 

The artificiality of such unnatural systems was in part corrected 
by an instinctive logic which led man to search for a basis of 
classification that should take into account both the number of 
the points of resemblance between groups, and the intrinsic 
importance of the points of resemblance chosen as diagnostic. 
We can accordingly trace the abandonment of purely artificial 
systems for those based on general likeness. Still later, as it was 

* On lower taxonomic levels, such as the generic and specific, Linnaeus’s 
common-sense and natural intuition led him to remarkably modern groupings. 
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icafiasd tiiat stiparfidal lesemblaoce (» bemeeti a potpobe and 
a txtK fidi) may mask basic diflbxnce, we may see tHe substitution 
of liknness in fundamental structural plan as chief criteri<m« in 
place of mere superficial likeness. Pre-Darwinian nineteoitb- 
century classification, as practised by Goethe, Cuvier, Oken, 
Owen, T. H. Huxley, etc., worked on this assumption. 

But although this method, at least for larger groups^ was 
identical with that practised in the latter l^f of the century, 
it lacked any real theoretical basis grotmded in biological justifi- 
cation. The analytic but less speculativcly-minded, like Huxley 
(e.g. 1853, 1854), simply assumed that structural homology (or 
common archetypal plan) was the right key to unlock classifi- 
catory secrets: the idea that it was right because it implied 
goietic relationship did not enter their minds, or at least was 
not allowed to enter their conscious minds, until after the 
publication of Darwin’s Origin in 1859. The more theoretically- 
inclined, such as Goethe and Oken, regarded the existence of 
structural plans common to a large nmnber of animals as evidence 
of some form of planning in the act of creation. In extreme 
form, this theoretical view found the basis of homology in the 
existence of a limited number of archetypal ideas in the mind 
of the Creator. 

With the coming of the Darwinian epoch, however, all tiiis 
was changed. Homology, instead of being essentially a descriptive 
term implying nothing more than the sharing of a common 
archetypal plan, became an explanatory term implying the 
sharing of a common plan on account of descent from a common 
ancestor. The basis of classification became, in theory at least, 
phylogenetic. Degree of resemblance was taken as index of 
closeness of relationship, and taxonomic categories were defined 
on the assumption that each represented a branch of higher or 
lower order on a phylogenetic tree. 

This way of looking at the facts provided what was on the 
whole a very satisfactory basis for the dchmination and arrange- 
ment of larger classificatory groups dotvn to orders, sub-orders, 
and even families: but it was not always easy to apply it to the 
minor systematks of genera and species. 
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In practice, minor systematics was sdU ruled by an outlook 
which in some respects remained Linnaean. In spite of die 
theoretical belief that species were mutable, they were usually 
defined by the aid of criteria -uhich taddy assumed immutability, 
or by arbitrary characters frankly based on mere convenience. 
This point of view is still employed by many taxonomists 
to-day, and the result is often an arbitrary compromise between 
practical convenience and the desire to give a specific name to 
every recognizably distinct form. This is perhaps less so in 


zoology, where subspecific naming in accordance wi^ the 
principle of geographical replacement is now the practice in 
most well-worked groups. Even here, however, as mentioned 
in the section on dines (p. 206), subspecific names areloften 
allotted on the basis of an arbitrary degree of difference', in a 
continuous series, not on that of the existence of natural'self- 


perpetuating groups with relatively uniform characters. 

In botany, however, procedure is often still quite arbitrary. 
To take one recent example, Cowan (1940) divides the rhodo- 
dendrons of the sanguineum series into eight species and thirty- 
eight subspecies. This is done on certain arbitrary diagnostic 
characters. “It must now be dedded whether each of these eight 


groups is to be regarded as a single variable species or as a section 
including a number of spedfic units.” . . . “It must be under- 
stood that the spedes vary within the widest limits in characters 
not taken as di^^nostic. The same argument applies with even 
greater force to the subspedes.” No attempt is made to employ 
geographical distribution as a taxonomic character. Although 
there is “abundant evidence of the distribution of these (diag- 
nostic) characters upon mendclian lines”, and “many of die 
possible combinations do occur in nature”, there is no discussion 
as to whether this state of affairs may not be due to hybridization 
and reticulate evolution; the only criteria used are morphological 
separability and practical convenience: “Even if all these variants 
can rightly be regarded as spedes, the multiplication of specific 
names to this extent is so obviously undesirable that one turns 
at once to the alternative course of modifying the stendard. It 
is equally undesirable to regard all the plants within this group 
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as fonns of a single very variable spedes, a not unreasonable 
view, but they cli£&r too widely.” In other words, taxonomy in 
cases like these makes no pretence of describing the facts of nature 
concerning the distribution and relationships of natural groups, 
but is concerned solely with the arbitrary distinction of forms. 

It is clear that distinguishable forms should receive some 
designation; but this should not be a specific or subspecific Latin 
name luilcss there is some ground for supposing that the dis- 
tinguishable form is also a natural group-unit. Other forms 
should be distinguished by some type of subsidiary nomenclature, 
as Turrill (i938<j) proposes. 

Botany also lags behind zoology in another point of taxonomic 
practice, which, though small, makes for convenience. I refer 
to the convention by which all specific names arc spelt with a 
small initial letter. This is now universal in zoology, and I have 
deUberately adopted it in this volume. The elaborate conventions 
of botanical practice occasionally make for confusion and have 
nothing to recommend them save historical tradition. 

The value of employing every possible type of character in 
taxonomy is illustrated by recent work on the related plant 
genera Hebe and Veronica. The two genera were separated 
according to the mode of dehiscence of their capsules, and on 
this basis a number of New Zealand species were assigned to 
Veronica. However, they have now been found (Frankel, 1941) 
to have the same basic chromosome-numbers as Hebe (two 
polyploid series, Avith x = 20 and x = 21), in this diifering 
from all typical Veronica species. Re-examination of the capsule 
then showed that the mode of dehiscence is much more similar 
to that of typical Hebe. The species have accordingly been trans- 
ferred to Hebe. Similar corrections of faulty taxonomic observa- 
tion by new methods, in this case the utilization of chemiad 
data on pigments, have been made by Ford (1941) in Lepidoptera. 
Metcalf (1929) has pointed out the vsdue of parasites for uxonomic 
purposes. 

In spite of all efforts to draw the taxonomic consequences 
of the geographical replacement of forms, efforts dating from 
Gloger’s pioneer work in the second quarter of the nineteenth 
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century and continued by such men as Alien and Gulick in 
the ’7o\ Eimer in the ’8o’s, and Kleinsdunidt and the Sarasins 
in the ’90’s, the determination of species down to the beginning 
of the present century was usually undertaken on the assumption 
that they were all well differentiated by a scries of diagnostic 
characters, and separated from their nearest relatives by sharp gaps. 

Determination was made almost exclusively, and often rather 
arbitrarily, on the basis of morphological characters of structure 
and appearance. As research brought to light more and more 
geographical or other forms, populations which could bb clearly 
^dnguished from the populations of other areas were generally 
accorded specific rank. 

The last decades of the period of phylogenetic classification, 
roughly from the beginning of the present century onwards, 
may be distinguished as a definite sub-period, characterized by 
the use of geographical distribution as a taxonomic criterion, 
in addition to morphological characters. From what we have 
just said, it should be dear that this also meant the abandonment 
of the last traces of a subconscious “Linnaeism”, and the adoption 
of a thoroughgoing phylogenetic oudook, in minor as well as 
in major systematics. In the battle between the “splitters” and 
the “lumpers”, the “splitters” represented the last survival of 
the Linnaean oudook, the “lumpers” the geographical phase of 
the Darwinian. 

The first result of the refinement of detailed systematic methods 
was thus to force the geographical criterion into prominence 
and to introduce the Darwinian idea of plastidty into the 
taxonomies of species. 

To-day, however, the discoveries of cytology and genetics, 
together with the mass of detailed systematic data which they 
are illuminating from a new angle, have shown us that we must 
adopt additional and in a sense other criteria. 

A classification based on the idea of phylogenetic descent 
'must at best remain highly speculative, for, save in a &w fossil 
lineages, we do not and cannot know the actual course of events 
in the evolution of a group. In most groups, the only data we 
pcNsess on whidi to base our dassificatory scheme, are those 
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coiioeming die species, subspecies, and genotypic variants as 
diey exist at the present time, for these ate the only groups with 
concrete biological existence. These obviously represent the 
results of evolution, but often tell us little about its past course. 
From what we now know with regard to the different methods 
by which new species arc produced, and the genetical and 
cytological mechanisms underlying their production and main- 
tenance, we can see the problem in a new light. We are begmning 
to realize that a new basis for classification will be necessary for 
dealing with minor systematic diversity, although the phylo- 
genetic method will remain applicable to major groups. 

Let us see in what main ways a scheme with such a genetic 
basis for taxonomy will differ from one with a phylogenetic 
basis. In the first place, we have the undoubted existence of 
parallel mutations (see p. 510). When these occur and arc pre- 
served in stocks which are already specifically distinct, the 
Darwinian concept of homology breaks down. For the homo- 
logy, though perfealy real, no longer implies descent from a 
common ancestor showing the common feature. Two white- 
eyed mutant strains in two species of Drosophila are not descended 
from any common white-eyed ancestral strain; and the same 
doubdess holds for various wild-type characters of related species. 
It is true that where a number of separate characters are involved, 
as in die plan of construction of the body as a whole or of any 
complex organ, the phylogenetic concept of homology will still 
hold. It is impossible to maintain the independent evolution, on 
more than one separate occasion, of such structures as the penta- 
dactyle limb of land vertebrates, or the crustacean append^c, 
or the chordate notochord. Phylogenetic classification based on 
the idea that the possession of such organs by a number of 
organisms implies their descent by modification from a common 
ancestor remains as valid to-day as it did when the principle 
was applied by Kovalevsky to prove the vertebrate afiinities of 
the Tunicates. In plants, on the other hand, the organization of 
the body is on the whole so much simpler that structural plans 
of sudbi complexity as to rule out close parallel evolution are 
rare; it is for this reason that die phylogeny of plants is much 
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moxe uncertain than that of higher animals, and botanists as a 
whole correspondingly more pessimistic than zoologists as to 
the possibility of phylogenetic classification in general. 

In certain long-range evolutionary trends in animals, parallel 
changes appear to have played a greater part than was earUer 
supposed. It is for instance probable on a priori grounds, and 
certain on the basis of fossil evidence, that many adaptive features 
in a type undergoing specialization are due to the selection of 
parallel but independent mutations. This is brought out clearly in 
the case of the horses (Matthew, 1926). Here, quite distinjet lines, 
including some which eventually become extinct, show the same 
general changes, thoi^h some may be in advance of the average 
in one specialization (e.g. teeth), and behind it in another (e.g. 
feet). Something similar occurs in the more finely-docunipited 
evolution of Micraster (p. 32). Presumably the general direction 
in which selection-pressure is being exerted on the group 
remains constant, and thus all mutations and recombinations 
favouring change in this direction are selected. It is not necessary 
(and indeed highly improbable) that the parallel mutations 
should be striedy homologous, in the sense of being chwges 
in the same gene; the parallelism of evolution and consequent 
upset of the classical concept of homology will occur just the 
same, if they merely exert similar effects. 

It is possible that parallel specializations or parallel progress 
of this sort occurs also in larger groups. W. E. Le Gros Clark, 
for instance (1934), beUeves that it has played a large role in the 
evolution of the Primates as a whole. 

It is, however, in minor systemadcs that the greatest difficulties 
occur. In the first place, we have the fact that parallel mutations, 
including a number that are fully ^enically) homologous, occur 
in related species of Drosophila and other organisms. They are 
conspicuous where fixed in domesticated forms (see Haldane, 
I927<i, on mammals), but occur also in wild populations. This 
makes natural the presumption that certain characters actually 
found established in some of the species owe their origin to 
parallel mutation and not to common descent. It is dear that 
the distribution, among a group of related species, of characters 
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iac to parallel mutation mi^ht be quite diffixent from a distri^ 
butioa dependent on phylogeny. Similarity of mode of life, 
witb consequent preservation of similar mutations, would be 
more influential than common ancestry (though parallel mutation 
is only likely to occur ih closely related forms), Sturtevant (1939), 
for the Drosophilinae, is probably the only taxonomist who has 
consciously endeavoured to discount this possibility (p, 357). 

Quite frequendy characters will form a mosaic pattern. 
Character A will in one species be combined with B and C, 
in another with B and D, in yet another with C and E, and 
so on (e.g. in Drosophila; p. 370). In such cases we must be content 
to let the phylogeny of species elude us. 

In general, taxonomic “relationship” will in many cases be 
quite difl^rent from relationship in human affairs, as between 
members of a large family. In the first place, the one is essen- 
tially an affair of groups, the other of individuals. In the second 
place, the facts concerning mutation, such as its recurrent nature, 
and indeed the necessity (if we are to account for the variance 
actually found in namre) for some recurrence to balance the 
wastage due to random loss of mutant genes from the germ- 
plasm, make it dear that while human relationship is based on 
physical continuity by reproduction, taxonomy is essentially con- 
cerned with the number of characters or genes shared in common. 

Let us amplify these points a httle.'The taxonomist is not 
concerned, or is concerned only in a very minor degree, with 
race individual variants. These may, in certain cases, constitute 
the raw material out of which taxonomic units are shaped, as 
with dominant melanism in moths (p. 93), but in themselves 
deserve notice, if at all, merely as “aberrations” from the type 
of the group. It is only when a group is involved, whether in 
the form of a single localized unit, multiple localized units, or 
a distinct and common type scattered through the population 
(as with genetic polymorphism: p. 96) that taxonomy is involved, 
hi human relationships, on the other hand, we deal primarily 
with individuals: A.B. is the son of C.D., the nephew of M.N., 
thecousin of X.Y. 

And the basis of these human relationships is reproductive 
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descent. Fkst-coosinslup impHcs common grandpaxents, second- 
coosindiip common great-grandparents, and so oa. Bat in 
taxonomic group-rebtionships, descent may play a blurted or 
incomplete part, or even no part at all. To take an obvious 
example, numerous wild plants have white-flowered varieties 
in nature; but all the members of ‘Var. alba” in bluebells no 
more constitute a single group with common descent than do 
all the albinos in human beings. Wherever we find sporadic 
groups of variants differing from the type in a single main 
character, the saihe will apply. Many such examples are Ipiown, 
both from plants and anim^. I 

Where, however, a group is characterized geographic^y as 
well as genetically, as, for instance, with most animal subspecies, 
the hypothesis of descent from a common ancestral group is 
usually tenable, especially when numerous separate genes rater 
into the characterization. But even here it is not necessary. 
With changed climatic or other ecological conditions, only 
certain types and combinations within a highly variable popu- 
lation may be able to spread into new areas. They will then 
constitute a single geographical and genetic group, but will not 
have a single common origin. This has been postulated by 
Turrill for the origin of Ajuga chamaepitys from A. chia (p. 267), 
and doubtless will be found to hold for many other cases as 
investigators bear this possibility in mind. 

Even in the commoner case of the diflerentiation of a local 
group in situ, the picture will be complicated by m^ation and 
intercrossing with members of other groups. This may be fre- 
quent, as with many continental subspecies, or infrequent and 
sporadic, as with many island subspecies; but only rarely, as on 
oceanic islands, is it likely to be wholly absent. In any case, 
with biological groups “common ancestry” does not imply 
descent from a single ancestral pair, as in human relationships; 
it means the gradual modification of , a more or less sharply 
delimited group by the progressive substitution of some genes 
for otiiers. 

The parallel with individual human relationships is particu- 
larly misleading in the case of human groups, for the obvious 
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reason diat ndgratian, redcolate crossm^, and consequent recom- 
Innadon are more Yvidespread in man than in any odier organism. 
So-called “racial t3rpes’’ may be mete recombinadonal segr^;ants, 
thrown up from a highly mixed population, without any con- 
tinuity of descent through the same phmotype or genotype 
from the original stodk which they are held to represent; 
most abundant types in a mixed group may well be new recom- 
binations, different from any found in any of the parent stocks 
from whose crossings the group arose, and so forth. The question 
has been discussed in more detail by Huxley and Haddon (1935, 
Chapters 3-5). 

Recently, a dispute has arisen between the adherents of a 
phylt^enedc classification and those who maintain that the only 
possible basis for taxonomy is a purely logical one, based on a 
maximum correlation of attributes (see Gilmour, 1940, Caiman, 
1940, and discussion in Proc. Linn. Soc. London., 152 : 234). 
However, the believers both in a completely logical and in a 
completely phylogenetic taxonomy would appear to be aiming 
at ideals which are quite unattainable in practice; in addition, 
both systems are in some cases not consonant with fact. For 
instance, taxonomic practice, at any rate in larger groups among 
animals, appears to base itself on the co-ordination of characters 
in an organizational plan, rather than on the totality of attributes, 
while a phylogenetic classification simply will not fit certain 
facts of nature, such as those produced by reticulate evolution. 

In practice, however, the two concepts largely coincide. They 
coincide because the processes of mutation and selection distri- 
bute characters among taxonomic groups in such a way as to 
fidfil approximately the postulate of a maximum correlation 
of attributes demanded by the upholders of a Ic^cal classification. 
The more characters there are available, the greater in general 
the approximation (cf. p. 371). Geographical distribution and 
paleontological history are to be included among characters in this 
sense. In fossil material, however (e.g. molluscan shells), the 
number of characters may be very much limited compared with 
the range available to the student of living forms; it is probably 
this which accounts for many of the cases of apparoit paralld 
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ev<^ation to be found in the paleontology of e.g. molluscs and 
brachiopods. 

When divergent groups have evolved separately for loi^ 
periods, the co-ordination of character-distribution with taxono- 
mic grouping will be very close. It need not be so dose, however, 
when the divergence is of recent date; in this case, the chance 
of parallel mutations upsetting the co-ordination is much greater. 

to one respect taxonomy would appear definitely to have a 
phylogenetic basis, in that named categories are in general 
monophyletic groups. Wherever the distribution of clmacten 
contradicts the hypothesis of monophyly for a group, me taxo- 
nomy demands revision; here the phylogenetic oudook am play 
a constructive part in taxonomy. This generalization may break 
down in regard to certain subspecies (p. 21 5) and species, wnich in 
e.g. apomictic and in reticulate evolution must be delimited 
purely on the basis of convenience. It also breaks down in the 
case of “horizontal” groups (e.g. genera) in paleontology, which 
may be merely stages run through independently by several 
lineages, and yet necessary categories for the sake of taxonomic 
convenience (see also p. 409). But in regard to higher categories 
the prindple certainly holds. 

When it comes to detailed taxonomic arrangement, however, 
as opposed to taxonomic naming, it is difficult to see how a 
phylogenetic basis, or even a phylogenetic background, can be 
found for this. As various workers have shown, the elaborate 
trees and other diagrams of arrangement (relationship) proposed, 
e.g. for the groups of higher plants, are largely contradictory 
inter se, and mtist be regarded as highly speculative. Whenever 
there is reasonable certainty as to arrangement — e.g. when one 
set of families or orders can be deduced to have a commtm 
origin separate from that of others — this can and should be 
represented by means of named categories, such as superfamily, 
suborder, subclass, etc. Where this is not possible, the arrai^;e- 
ment (e.g. the order in which groups of a certain taxonomic 
category are enumerated) should not be presumed to have any 
phylogenetic meaning. 

Even if we had a fiill knowledge of the phylogeny of, say. 
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all goiera and families Yvitbin an order, die diagrammatic repre> 
sentadon of diis would be exceedingly comply, and must be 
held to be a “subsidiary classification" in Turrill’s sense rather 
than falling within the province of taxonomy sensu strUto 
(Turrill’s “alpha or orthodox taxonomy”). 

Gilmour has pointed out that taxonomic practice was actually 
little altered by the introduction of the idea of evolution and 
phylogcny into biology. We must remember, however, that the 
more philosophically-minded pre-Darwinian taxonomists thought 
in terms of an “ideal plan” or archetype which was modified in 
detail in various subgroups of a major group (see p. 391), and 
that this is in point of fact a symbolic representation of phylogeny. 

Thus, whfie taxonomic practice inevitably rests upon the 
evaluation of characters, and while phylogenetic relationship 
must always (in the absence of full paleontological data) remain 
a deduction, the phylogenetic idea, whether direaly, or sym- 
bolically in the form of a modifiable archetype, may and often 
does aid the taxonomist in evaluating his characters and in 
framing his categories. In general, it is more correct to speak, 
of a phylogenetic background for taxonomy than of a phylo- 
genetic basis. And we must constandy beware of arguing in a 
circle and giving independent existential value to the phylo- 
genetic groupings which we have merely deduced from the 
distribution of characters and structural plans in existing groups. 

The possibility that the initial separation of groups, capable 
of leading on to species-formadon, may in some cases be genetic 
instead of ecological or geographical also introduces compU- 
cations into minor systematics. Two genetically isolated species 
in the same area and habitat may remain closely similar, both 
physiologically and morphologically, for long periods, whereas 
two ecologically divergent species might differentiate markedly 
in a much shorter period. 

Again, as we have previously seen, the physiological diver- 
gence found in “biological races” may become quite extensive 
without being accompanied by more than minimal differentiation 
in visible characters. It may be argued that taxonomy cannot 
and should not take account of time, only of divergence. But 
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should it not take as much account of physiological as of morpho- 
logical divergence } 

We have, next, the existence of polyploidy. Autopolyploids 
provide one not inconsiderable difficulty; they are well isolated 
as reproductive groups, but differ extremely litde in visible 
characters from other members of the series (though often 
markedly in physiological characters and consequently in area 
of distribution). But allopolyploid species arising as the result 
of a cross simply do not fit into the classical framework. New 
methods of denoting relationship are needed when we have to 
take into account the convergence and union of branches u well 
as their divergence. This difficulty is accentuated in the (W of 
reticulate groups (p. 353) where, as we have noted, ordinary 
taxonomic mcdiods have already partially or completely bmken 
down. \ 

Another point, of purely practical but none the less real impor- 
tance, concerns the modem tendency to push the geographical- 
Darwinian method of classification to a conclusion so logical 
that its application becomes harmful. The batde of the “spUtters** 
and the “lumpers” still continues, though now in respect of 
subspecies instead of species. The “spUtters” wish to distinguish 
as a separate subspecies, with its own trinomial designation 
subject to the international rules of zoological nomenclature, 
every population which can be distinguished, by however slight 
a criterion, from other populations. As an example of the lengths 
to which this process is already being carried, let us take a case 
recently adjudicated on by the British Ornithologists’ Union. 
It appears that British-breeding specimens of the common red- 
shank, Tringa totanus, can be distinguished from their continental 
relatives by a slightly darker coloration. There are no structural 
or size differences, and the colour distinction, in addition to 
being slight, exists only in summer plumage. In winter plumage 
members of the two populations are admittedly indistinguishable. 
Yet the British form has been solemnly allotted subspecific rank. 
In consequence, the continental subspecies must now, it is ruled, 
be banned from the British list, since any birds shot in winter 
on our shores cannot be a.scribed to this form, even if we know 
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peslbctly Yvdl dhat most of tiiem will be m%rants from Europe! 
The subspecies cannot reacquire its British status before a Euro* 
peanHcinged sp«imen is shot in Britain. Such decisions tend to 
reduce systematics ad absurdum. This holds also for the erection 
of new subspecies on the basb of beu^ slightly darker (e.g. 
Clancey, 1938, for west Scottish birds, which are anyhow more 
likdy to be on a dine). 

Diihculties arise in other cases where forms regarded by the 
“lumpers” as subspedes vary locally. We have met with such a 
case in the crows (p. 248). Hoodie and carrion crows are both 
divisible into local groups with considerably better differentiation 
than that of the redshanks just discussed. But if the condusion 
of the adherents of the Rassenkreis idea be sound, that hoodie 
and carrion crows are themselves merely well-marked subspedes, 
then we must allot “sub-subspecific” names to their local forms. 
Apart from the practical inconvenience of any such multi- 
nomial system, we should then be giving a lower systematic 
rank to the local forms of crows than to those of titmice or 
wrens distinguished by approximately the same amount of 
divergence. The difficulty is real, however, and not artifidaL 
It may perhaps be avoided by using the term semispecies. This 
has been proposed by Mayr (1940) for forms which “can be 
deduced to be geographical representatives of some other species, 
but have during isolation developed morphological differences 
of the order of magnitude to be seen between undoubted spedes” ; 
and under the term he includes forms like the flickers (p. 250), 
which hybridize in a maimer precisely similar to the crows. 
Taxonomically it will perhaps be best to give binomial names 
to such semispedes, while uniting them and their geographical 
vicariants in a supraspedes, to which some name may be gii^ 
compounded from two of the binomials of the group. 

Zuckerman (1940), discussing some of the defects of the 
present classification of the Hominidae, points out that the desire 
to ascribe the utmost possible importance to any new find of fossil 
man has led to the erection of several quite unjustified genera. 
He pleads for the setting up of empirical criteria of di&rence 
for qiedfes and genera, in the absence of that abundance of 
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material wliich alone could make a phylc^oietic dassificarion 
really possible. 

Hie Sabbath was made for man, not man for the Sabbath. 
Similarly systematics exist for human convenience, not in the 
interest of some Platonic eidos stored up in Heaven. The time 
has come when we most make a decision as to the implications 
of recent research for nomendatorial practice. 

A quadrinomial system, by which genera, subgenera, species, 
and subspecies are given formal names, is a useful invention for 
the purposes of'tfetailed p^eonholing. Practical 
however, dictates that for the ordinary purposes of 
biology, binomialism should remain. This can be 
large species of the nature of Rassenkreise, and large 
taining numerous Artenkreise and other types of 
used for the normal designation of difi^ent kinds of 
and plants, reserving the subgenus and the subspecies for the 
use of systematists or for various special purposes. The subspecies 
should be more widely used than the subgenus, since different 
subspecies of a species are concrete biological groups, differing 
often in quite important points of physiology and be- 
haviour as well as in size or other visible characters. The 
common habit of sphtting old-established genera into a 
number of new genera, often monotypic, is frequently an abuse 
of systematic method, because an unnecessary denial of the 
principle of taxonomic convenience. 

Modem systematics, in so far as it is coping with geographical 
divergence, must in fact recognize various fruits of its own 
activities. The principle of geographical replacement has for its 
taxonomic corollary not merely the degradation of many groups 
from specific to subspedfic rank and their grouping within 
major (polytypic) species or Rassenkreise, but also the disallow- 
ance of many genera and their degradation to the status of 
Artenkreix or (geographical) subgenera.- 

In the second place, the same principle, carried to its logical 
extreme, impHes that we must frequendy expea the population 
of one geographical area to differ from that of another by very 
small ^ugh constant dif^rences. This does not, however, imply 
the desirability of each such form receiving a Larin name. For 
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one thing the principle of practical taxonomic utility forbids 
subdivision being carried too far: this is especially true of names 
whidi are subject to the rules of systematic nomenclature, and 
thus enshrined for ever in an official position. For another, the 
principle of character-^adients (clines) must be taken into 
account. Such geographical forms may prove to be merely points 
on a dine. If so, then, unless a discontinuity, or at any rate a 
much steepened portion of the gradient intervenes between 
them, they assuredly do not deserve separate subspecific names, 
but the dine as a whole should be named (p. 226). 

The fact that two or more clines may be operative in difierent 
directions across the range of a species introduces yet another 
complication. 

It seems certain that systematics will have to invent subsidiary 
terminologies to cope with the complexity of its data (see 
Turrill, 193 8<t). Genus, subgenus, species, and subspedes will 
doubtless remain more or less universally as main categories. 
The definition of genera and subgenera is often largely a matter 
of convenience. Besides geographical subgenera we may also 
expect other types — e.g. those of an ecological and perhaps those 
of a cytological nature. The definition of spedes we have dis- 
cussed at length (p. 157). It is essential that, if the term is to be 
retained, it should be used in a broad sense, with due regard to 
practical systematic convenience. 

Subspedes have usually been defined on a geographical basis. 
This, however, is largely due to the historical reason that the 
refinements of taxonomy were most readily worked out in 
vertebrates, where ecogeographical divergence is the main 
factor in minor systematic diversity below the level of the 
species. Rensch, indeed, has maintained that geographical forms 
alone are admissible as named subspedes. There would, how- 
ever, appear to be every reason for employing other categories 
w|iere they apply— e.g. the physiological or biological, the 
ecological, and the cytological, notably as regards polyploid 
forms; genetic diveigents like those of Drosophila pseudoobscura 
should adso be included. In this case it might, however, be desirable 
to indicate the nature of the divergence whenever it could be 
certainly assigned. Perhaps some su^ method as the prefixing 
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to ifae subspeci&: name of the Imets “G”, “E”, and “C” for 
geographical, ecological (including physiolc^;ical and biological), 
and cytological divergence respectively would serve. In some 
cases considerable geographical diSerentiation may occur within 
genetic or biological subspecies. Here, presumably, two sub- 
specific names will be required. 

For specifying character-gradients (dines) it is hard to sec any 
fully satisfactory solution save the marking of them on a map. 
However, a useful first approximation would be a statement 
of the character they concerned and their approximate d&ection. 
For instance, after the description of a polytypic spedei which 
showed considerable geographical variation, one m^ht add such 
phrases as “Size S-N; melanin E-W from desert belt to sea, 
then SW-NE”, the increases in the character being in the geo- 
graphical directions named. But the complexity of the data 
might often stultify such an attempt. 

When dealing with differences characterizing a regional popu- 
lation, especially when this is geographically discontinuous from 
neighbouring populations, regard must be had to practical 
convenience. We must not erect subspedcs whose diagnostic 
differences are smaller than those of mere local groups of other 
subspedes: the term subspedes should connote a moderate degree 
of difference, not mere difference, however minute (p. 402). 
Practical convenience, on the other hand, makes it extremely 
undesirable to introduce a new nomcnclatorial category, though 
the existence of such microsubspedes or microraces (Dobzhansky) 
is indubitable. It would seem best for systematists in such cases 
to confine themselves to descriptive statements, such as that 
minor geographical forms (microsubspedes), characterized in 
such-and-such a way, and perhaps denoted by a letter or number, 
occur in such-and-such regions. 

Another method is that suggested by Turrill for designating 
varieties by combinations of letters according to the combina- 
tions of characters which they exhibit. This will not be of much 
service when variation chiefiy takes the form of dines, but 
will be useful wherever sharply-contrasting characters arc 
involved, and especially so where hybridization has been at 



SPBCIATION, EVOLUTION, AND TAXONOMY 4O7 

work, ft will tluis be more applicable to plants than to animals. 
Within its sphere, however, ft should often be of value as a 
sidmdiary method of taxonomic description not involving formal 
nomenclature; and may prove to be the only method for dealing 
with the bewildering confusion of reticulate groups. 

The main kinds of taxonomic units with concrete existence 
as natural groups are thus as follows. Those to be named in 
accordance with the international rules are in italics. 


1. a. Geographical genus 

b. Geographical sub- ■ 
genus 

2. Supraspecies 


■ (Rensch's Artenkreis). 

Consisting of species showing 
geographical (or ecological) 
replacement. 

Consisting partly of subspecies, 
partly ofsenaispedes or full species, 
all showing geographical (or eco- 
logical) replacement. 


So far geographical replacement is the only basis known for 
categories i and 2, but we may prophesy that ecological replace- 
ment will be detected as a basis for such categories, in insects 
at least. 


3. Species. 

a. Polymorphic 


b. Polytypic 


c. Monotypic (mono- 
morphic) 

4. Semi^cies 


Differentiated into numerous spa- 
tially co-existent ecotypes or other 
sharply contrasted forms. 

Dififerendated into subspecies 
showing geographical or ecological 
replacement, or into forms wiA 
different chromosome - number ; 
the subspecies may fall into dines. 

Not di&rentiated into subspecies 
(or into an array of well-marked 
and co-cxistent ecotypes). 

On the borderline between sub- 
species and spedes. 
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5. Clines To be given Latin nameswhen they 

are considerable and continuous and 
not difierentiated into subspecies. 

6 . Chromosome-races Differing in chromosome-number, 

usually by whole genomes; tobede- 
signated by the ploidy (sn; 4n — 2; 
etc.) after the specific name. 

7. Subspecies 

8 . Microsubspecies 

9. Apomict strains (clones). 

Natural groups, in the sense here employed, hav^ a geo- 
graphical distribution qua groups and are either self-perphtuating 
or have clearly been recently derived from a self-perpetuating 
group. Phases, forms, and sporadic mutants arc not naturd 
groups in this sense, nor are ecotypes. If a phase or an ecotype 
becomes the only form in a given area, and persists there, it 
ipso facto merits subspecific rank. The word variety has been 
used in so many senses that it should be dropped. If a general 
term is required for any variant form, paramorph may serve. The 
nomenclature of hybrids is discussed by Allan (1940), and the 
taxonomy of cultivated plants by Vavilov (1940). 

In paleontology, many difficulties arise. A technical difficulty 
arises from the fact that the paleontological taxonomist is con- 
fined to fewer characters, since soft parts are not available. This 
becomes acute, e.g. in many molluscs, though it is not serious 
in such forms as mammals. Some paleontologists arrive at con- 
clusions which do not square with the experience of taxonomists 
who have the advantage of dealing with living material. Thus 
Macfadyen (1940), describing Liassic Foraminifera, writes of the 
Lagenidae: “in this family there appears to be wide variation 
within some of the groups, where“neither ‘species’ nor even 
‘genera’ are sharply defined.’’ hi view of what we have pre- 
viously said as to the biological reality of species, it is probable 
that such conclusions derive from the inevitable difficulties of 
the material (see also Macfadyen, 1941). 
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A more fundamental difficulty is the fact that he must consider 
the dimension of time as well as of space. Parallel evolution is 
a real phenomenon, but in many fossil groups its apparent 
extent is exaggerated by this paucity of taxonomic characters. 
Wherever parallel evolution occurs in a group, two types of 
classification are possible — ^by vertical lineages, along the time- 
dimension, and by stages run through by several lineages, cutting 
across the time-dimension (see e.g. Arkell, 1933; W. D. Lang, 
1938). It is often advisable to give generic names to such hori- 
zontal stages. It has been maintained that such “horizontal” 
genera are purely artificial; but as E. I. White pointed out in a 
recent discussion (unpublished) at the Zoological Society, this 
is not the case; granted the ocurrence of parallel evolution, 
horizontal stages arc inevitable facts of nature. It thus becomes 
necessary to introduce a double terminology, vertical as well as 
horizontal. The simplest convention would be to apply generic 
names to horizontal stages and to introduce a subsidiary ter- 
minology for lineages; but the details must clearly be left to the 
paleontologists themselves — ^with the one proviso that tliey work 
out a simple and agreed system. (See Arkell and Moy-Thomas, 
1940.) 

Many paleontologists (sec e.g. discussion in Swinnerton, 1940) 
give binomial names to so-called “morphological species” which 
are without doubt only extreme variant types arbitrarily selected 
from the assemblage provided by a variable true species. This is 
an unfortunate misuse of taxonomic terminology: some other 
method of naming such forms should certainly be devised. 

Undoubtedly the most important result of modem research 
in and bearing upon systematics is that species may originate 
by numerous and quite different methods, which fall under three 
main heads: the geographical, the ecological (in the broad sense), 
and the genetic (cytogenetic). The degrees of morphological 
divergence and intersterility between related forms vary greatly 
according to the method of divergence which has been pursued. 

Faced with the abundance of new facts, we must acknowledge 
that some new step in taxonomic practice is due. Two major 
improvements in the methodology of systematics have been 
e^cted in the past. Hie first was the substitution of the Liimacan 
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system of binomial nomenclature for die earlier method in whidi 
nomenclature was confused with description. The second was 
the introduction of trinomialism to cope with the data of geo- 
graphical distribution. It is safe to prophesy that the next decade 
or so will see a third phase of major improvement. This will 
involve die introduction of some method, concerned largely with 
subsidiary terminologies, by which, while the principle of 
taxonomic convenience is still given due weight in the main 
terminology, the cytogenetic and ecological data of systematics, 
and the facts concerning actual or potential interfer^ty, can 
be adequately described and discussed. It will also ink^olve the 
reduction of taxonomic diflfcrcnccs to metrical form. The impor- 
tance of this has been ably urged by Richards ( 1938 ), who also 
makes numerous practical suggestions. A few decades pence it 
will, we may prophesy, be regarded as necessary tai^nomic 
routine to give the mean measurements, with their standard 
deviations, of at least five or six standard characters, as part of 
the description of a new form. The characters would vary from 
group to group, but could readily be standardized for each 
group. Leitch ( 1940 ) stresses the importance of such metliods 
in paleontology, and points out that certain assemblages can be 
characterized by their degree and type of variability. Equally 
important are accurate methods for the quantitative study of the 
numbers and properties of populations; seercfercncesin TimofeefF- 
Ressovsky ( 1940 ), Dowdeswell, Fisher and Ford ( 1940 ), Spencer 
( 1940 ), and Dobzhansky ( 1940 ). 

It has been customary to distinguish sharply between artificial 
and natural classification. But the “natural classification” at 
which post-Darwinian biology has aimed is itself in certain ways 
artificial. For one thing it represents an unattainable ideal. And for 
another it assumes — ^what we now can perceive to be erroneous — 
that the only natural method of classification is one based on 
n^ve and pre-mendelian ideas of relationship taken over from 
human genealogy and applied to groups instead of to individuals. 
Furthermore, it has unconsciously accepted certain implications 
of the Aristotelian method of classifying things into genus and 
species, implications which arc of philc^ophical rather than 
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sdentific imp<»t and based on a priori logic rather than on 
empirical fact. The most important of such implications is a 
tendency to accept the discreteness and fixity of separate species 
(and subspecies) at more than their face value. 

The new classificatory systems that are destined to arise will 
be more natural, in the sense of more truly reflecting nature. 
Hiey will provide us with a picture of the diversification of life 
as it actually exists, and sometimes as it has actually occurred. 
They will give due we^ht to gradients of change, their different 
directions, and their variations in steepness. They will help us 
to think in terms of genes and their distribution as well as in 
those of individuals. As regards the units of the taxonomist, we 
shall cease to regard them as so absolute or so necessarily distinct. 
We shall begin by thinking of life as a unity, into whose con- 
tinuum discontinuities have been introduced. Some of these are 
partial, of various degrees of completeness, while the complete 
gaps are of various widths. Further, the discontinuities are of 
various origins. Some are imposed by geographical causes which 
are, biologically speaking, accidents. Others arc the outcome of 
ecological specialization, and are then often accentuated by 
selection. Still others are the by-products of the working of the 
physical machinery of heredity, the chromosomes, their division 
and meiotic reduction. Some discontinuities arise gradually, others 
abruptly. Some are the accidental outcome of isolation, others 
the consequence of mere divergence, while still others have been 
selectively involved so that related groups may be more effectively 
kept from interbreeding. 

The. new taxonomy, with the aid of its subsidiary termino- 
logies and its quantitative measurements, will seek to portray 
this many-sided reaUty. The picture will inevitably be less simple, 
but it will be more true to nature. The origin of species is largely 
irrelevant to the large-scale movements of evolution. But, through 
taxonomy, it will be perceived as a complex and multiple pro- 
cess, responsible for much of that amazing variety of life which 
at one and the same time attracts and bewilders the biologbt. 
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I. THE OMNIPRESENCE OF ADAPTATION 

We next come to the origin of adaptations. It has been for 
some years the fashion among certain schook of biological 
thought to decry the study or even to deny the fact of adaptation. 
Its dtteged teleological flavour is supposed to debar it from 
orthodox scientific consideration, and its study is assumed to 
prevent the biologist from paying attention to his'propcr busi- 
ness of mechanistic analysis. Both these strictures are unjustified. 
It was one of the great merits of Darwin himself to show that the 
purposiveness of organic structure and function was apparent 
only. The teleology of adaptation is a pseudo-teleology, capable 
of being accounted for on good mechanistic principles, without 
the intervention of purpose, conscious or subconscious, either on 
the part of the organism or of any outside power. And to the 
second objection, the answer is that since adaptations are facts, 
it is the business of biologists to study them. If a biologist thinks 
that he has exhausted the study of a structure or a function 
merely by showing its adaptive advantage, he is a bad biologist; 
but so is he who thinks he has done so merely by giving a 
mechanistic account of its present condition and its embryo- 
logical development. The truth is of course that every biological 
problem has its evolutionary as well as its immediate aspect, its 
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functional meaning as well as its mechanistic basis; and both 
need to be studied. 

Adaptation, in point of fact, is omnipresent. The field worker 
righdy laughs at the disbelievers in the adaptive s^nificance of 
mimetic or protective coloration or of threat behaviour. I have 
been deceived in Afiica by the resemblance of a mimetic spider 
to the ants with which it associates*; have spent vain hours on 
a Surrey common searching for a nigh^ar’s nest, so perfect was 
the bird’s cryptic coloration, before stumbling accidentally 
upon it; have nearly fallen out of a tree when a wryneck on its 
eggs simulated a hissing snake. That the examples of protective 
coloration, afforded by the leaf-insect, the woodcock, the dab, 
or the twig-hke larvae of geometrid moths, should be hackneyed 
is no argument against their biological validity. Nor does the 
disbchef of certain laboratory mechanists in warning coloration 
and other aposematic characters prevent chicks from associating 
the black and yellow of cinnabar caterpillars with nauseousness, 
or hinder human beings from paying attention to the rattle of 
a rattlesnake. The biologist who discovers by comparative study 
that die metabolism and respiratory pigments of animals arc 
closely adjusted to their mode of life is not likely to imagine 
that the correspondence is fortuitous. The physiologist who 
unravels die postural reflexes of a bird or investigates the chemical 
regulation of respiration-rate is not likely to dismiss organic 
function as non-adaptive; die naturalist who notes the constant 
correspondence between structure and inborn behaviour on die 
one hand and environment and way of life on the other — one 
has only to think of sloth and owl, anteatcr and flamingo, angler 
fish and whalebone whale — must believe either in purposive 
creation or in adaptive evolution; the evolutionary biologist 
who finds that the rise of each new dominant group in turn is 
associated with some basic improvement in organic mechanism, 
be it in the shelled egg, or warm blood, or placental reproduc- 
tion, will have to admit that adaptation has been all-important 
in evolutionary progress. 

It is perhaps unfortunate that the study of adaptations has 

* For a colourcd£gure of a spider mimicking an ant, sec DonisAorpe (1940). 
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been so dosely associated widb highly specialized and striking 
cases of the “wonders of nature” type, such as the resemblance 
of a butterfly to a dead leaf complete with mould-spots and 
imitation holes, or the almost fantastic contrivances of certain 
orchids which secure insect-pollination. For this tends to distract 
attention from the bedrock fact that some degree of adaptation 
is omnipresent in life, and that this fact demands an evolutionary 
explanation. 

However, in his recent very striking book Cott (1940) has 
shown that concealing and revealing coloration, wheh properly 
investigated, remain the paradigm of adaptive studios, and has 
thoroughly turned the tables on captious objectors. Such critics 
of the dieories of protective coloration and mimicry have been 
in the habit of dismissing them as pure fantasies or Wmchair 
speculations. A. F. Shull (1936), for instance, goes so far as to 
state that the theories of aggressive and alluring resemblance 
“must probably be set down as products of fancy belonging to 
uncritical times” (p. 175), and concludes (p. 212) that “if the 
doctrine [of natural selection] can emerge minus its sexual 
selection, its warning colours, its mimicry, and its signal colours, 
the reaction over the end of the century will have been a dbtinct 
advantage”! The array of facts presented by Cott shows that 
it is these objections which deserve the designation of “arm- 
chair” : it is the field naturalist and the experimental biologist who 
provide the facts from which the theories are educed. Cott (and 
see Carpenter, 1939) also summarizes the numerous experiments 
and observations wliich demonstrate the reality of selection operat- 
ing in nature in favour of cryptic or aposematic coloration. He 
also points out the irrelevance of the criticisms of McAtee (1932). 

In addition, Cott analyses the features of pattern by which 
il hisinns of various sorts, whether for decrease or increase of 
conspicuousness, can be created, and then demonstrates their 
<»vi<t<»hrp in nature. The particular method employed will be 
related to the type of habitat occupied. Thus inconspicuoumess 
of the flat wing of a butterfly in low rough herbage is generally 
obtained by a false illusion of reUef; the obliteration of sharp 
outline in a tangle of vegetation tends to be achieved by counter- 
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shading togcdicr with raptive markings, whereas with forms 
which must expose themselves on bark it involves arrangements 
for preventing marginal shadows, often coupled with an actual 
irregularity of die outlme itself, achieved by irregular outgrowths. 
Most convincing are special correlations of pattern with unusual 
positions: an excellent example is the reversed countershading of 
sphingid caterpillars which feed at night, but rest in an inverted 
position by day, and of the peculiar Nile catfish Synodontis 
batensoda, which swims upside-down (see Norman, 1931, pp. 29, 
227). 

It is interesting that Siiffert (1932, 1935), as the result of 
intensive studies punucd without knowledge of Cott’s work, 
arrived at similar conclusions. Three recent independent observers 
may also be quoted. Comes (1937) cites the moth Venusia veni~ 
culata, which lives on a particular tree-lily. Its wings are marked 
with lines running at right angles to the body; and at night it 
invariably orientates itself across a dead leaf, so that its markings 
coincide with the conspicuous longitudinal lines on the leaf. 
Its antennae, which wovdd destroy the resemblance if visible, are 
tucked out of sight under the fore-wings. When disturbed it 
settles down again, “after a few compass-like vacillations”, in a 
similar position. 

Again, W. W. A. Phillips (1940) describes the nest of Hemipus 
picatus leggei, a shrike from Ceylon. The bird nests on bare limbs 
of trees. The nest is not only camouflaged with lichens and 
bark flakes, but its sides are built down flush with the branch so 
as to resemble a knot. Finally, the fledgling young, so long as 
the parents are away, sit motionless facing each other with eyes 
half-dosed and beaks pointing upwards and nearly touching in 
the centre. Their coloration is a mottled drab and blackish grey, 
so that they are almost invisible, even when neatly fledged. 
From a distance of little more than la feet tire nest with the young 
bears a most remarkable likeness to a snag left on the upper side 
of a branch through the breaking off short of a smaller branch 
just beyond its junction with the major stem. The upward- 
pointing beaks help to heighten this similarity; they represent 
the sharp-angled fracture left at the top of the stump. This 
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example may be compared with the protective coloration-oi»»*- 
attitude of die brooding ni^gar Nyctihius griseus (see Cott, 1940, 
Hg. 74), but is almost more remarkable as involving a co- 
operative attitude on the part of several birds. 

Finally, Holmes (1940) describes the unique case of the common 
cuttlefish, Sepia officinalis, which can change its colour and pattern 
within the space of a second. By this means, it can draw on an 
ama2ingly varied repertoire of protective devices, including con- 
cealment by means of obliterative shading, close environmental 
resemblance, striking ruptive patterns, and flash pattfems whidi 
bewilder an enemy by their extremely rapid sequence and great 
difierence from each other, and also the scaring of en^iies away 
by conspicuous threat patterns. Any particular one ofi these will 
be adopted according to circumstances. In addition, ii employs 
special epigamic. stimulative patterns in courtship. Related 
oephalopods do not show this multiform adaptation, which can 
be related to the particular habits of the species. 

In regard to mimicry, the detailed following by the mimic 
of the pattern of the model, as the latter changes geographically 
from subspecies to subspecies, constitutes a beautiful case of 
detailed adaptation (see c.g. Poulton, 1925, Pi. D),. This pheno- 
menon is not due to any direct or indirect cftcct of climate. (See 
also p. 102; Carpenter and Ford, 1933). 

As Cott rightly says, physiologists and anatomists do not 
dispute as to whether a wing is or is not adapted to flying: 
they set themselves to discover the extent to which, and the 
precise method by which, it is adapted to that function. Colour 
and pattern in this respect fall into line with any other functional 
attribute of organisms. 

Actually, in view of the remarkable studies of particular kinds 
of adaptations made in the latter half of the nineteenth century* 
the incredulity shown by a certain school of modem biolt^ists 
appears very remarkable. Thus, to take only one example— the 
various adaptations concerned with cross- and self-pollination in 
higher plants — ^we have die intensive work of Darwin (1877) 
on orchids, and the exhaustive survey, largely or^nal, by 
Kemer (Kemer and Oliver, 190a), After reading Kemcr’s 
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account of the devices for securing cross-pollination, and those 
equally remarkable ones for securing self-pollination, the two 
of^ co-existent in the same flower as what the Germans call 
doppelte Sichemng, there would seem to be no room left for 
scepticism on this point And if on one point, why on others? 
However, Cott’s book deserves special attention, since it 
takes account of all the objections, theoretical, factual, and 
methodological, raised by the sceptics of the early tw^tieth 
century. 

T. H. Morgan (1932, p. 115), in reviewing the subject, makes 
the following pertinent remarks. “A fact of some interest becomes 
apparent at once, namely, that what are usually cited as adapta- 
tions are instances in which a species shows some unusual type 
of structure, i.e. one in which it departs from most of the other 
species in the group. In other words, it is the exceptional that is 
often referred to as a typical case of adaptation. The reason for 
this is apparent. The exceptions stand out conspicuously as 
specialties for some particular situation. Nevertheless, a moment’s 
thought should show that the general problem of adaptation is 
not to be found so much in these particular occasional departmes 
as in the totality of the relations of the organism to its environ- 
ment, whidi makes the perpetuation of the individual and of 
the species possible. The extreme cases catch our attention, and 
their special relation is sometimes more easily seen, or guessed 
at, than the more subtle physiological processes that make all 
life possible.” 


2. ADAPTATION AND FUNCTION; TYPES AND EXAMPLES 
OF ADAPTATION 

Adaptation and function are two aspects of one problem. We 
may amplify this statement by reminding ourselves that the 
problem of adaptation is merely the problem of functional 
efficiency seen from a slightly different angle. There are certain 
basic functions, such as assimibtion, reproduction, and reactivity, 
which ate inherent in the nature of living matter, and can thus 
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hardly be called adaptations. Bat any of them can be specialized 
or improved in various ways during evolution to meet the 
needs of the organism. The fact, for instance, that our gastric 
glands begin to secrete when our nose or eyes arc stimulated by 
the smell or sight of food, is an adaptation concerned with 
assimilation, just as is the elaborate structural ruminating median- 
ism of the oxen and their allies. 

The distinction between basic property and superposed adapta- 
tion may be well brought out by a historical example. Weismann 
considered the property of regeneration to be a specif adapta- 
tion, acquired during the course of evolution by such animals 
as were especially exposed to loss of limbs or other\ damage. 
Experiment, however, failed to confirm this concluMon: for 
instance, Morgan found that the abdominal appenqages of 
hermit-crabs, though normally protected by the hard mblluscan 
shell inhabited by the animal, regenerate just as readily as the 
exposed big claws or walking legs. Further, on general grounds 
it became more and more obvious that regeneration depended 
essentially on the basic capacity of living matter for reproduc- 
tion and growth. Regeneration is to-day universally looked upon 
as one aspect of an inherent quality of life, and the chief problem 
set by it to biology is not how to account for its presence in 
lower forms, but how to explain its restriction and absence in 
higher types. 

Frequently associated with regeneration, however, is the faculty 
of autotomy or self-mutilation, whereby an animal detaches a 
limb, like a lobster, or a tail, like a lizard, sacrificing a part rather 
than risk the whole. In most cases autotomy takes place at 
definite spots. The higher Crustacea have special breaking-joints 
which enable them to throw off their claws and legs easily and 
with hardly any loss of blood; similar but less rigidly-predeter- 
mined breaking-joints occur in lizards’ tails. It appears quite 
clear that whereas the regeneration ofa lobster’s claw is a survival 
of a basic property of Ufe, its autotomy mechanism is a more 
spcdal adaptation — to the risk of the animal being unable to 
escape if it is seized by the claw, and to the dangers of loss of 
blood if the exposed claw is damped. 
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In additkm to the basic functions, others may arise in the 
course of evolution to meet the needs of the particular type. 
Thus active locomotion is absent in most plants; and colour and 
pattern can only play an adaptive role in relation to higher 
animals with their elaborate sense-organs. 

From the point of view of selection, adaptations fall into two 
categories — ^those of preadaptations fitting an organism for a 
different environment or mode of life from the outset (p. 449), and 
adaptations in the ordinary sense, gradually evolved within the 
normal environment, whether stable or chan gin g . 

A biological classification shows that adaptations fall into a 
few main groups. In the first place there are adaptations to the 
inorganic environment. Some of these, like the temperature- 
adaptation of local races in Drosophila (p. 191), or in frogs as 
described by Witschi (p. 235), or of tropical as against araic 
organisms, may be of a general physiological nature, unrevealed 
in any structural peculiarity. Others, like the climbing and para- 
chuting habits of animals in tropical forests, or the black or red 
colour and the luminosity of deep-sea animals, are more special- 
ized. Hesse and others (1937) in their Ecological Animal Geography 
have produced an imposing array of the general types or regu- 
larities of adaptation imposed upon various types of fauna by 
the peculiarities of their inorganic environment. Frequently we 
can deduce an animal’s mode of life and habitat from the struc- 
tural adaptation which it possesses. Occasionally we may be 
puzzled, but find that fuller knowledge solves the puzzle. Thus 
the association of prehensile tails, indicating arboreal life, and 
fossorial forefeet indicating burrowing habits, in some of the 
South American ahteaters, appears a paradox, until we remember 
that the fossori&l claves are needed to open up the nests of tree- 
termites (sec Emerson, 1939, p. 293). 

Next we may take adaptations concerning the organic environ- 
ment — covering the functions of protection against enemies, die 
pursuit of prey, reaction against infectious disease and parasites, 
and the like. These are essentially interspecific. We also find 
intraspecific adaptations, concerned with competition or co- 
operation between individuals of the same species, e.g. the rapid 
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growth of many plant seedlings, and the recognition marks of 
gregarioos mammals and birds. 

Finally there are adaptations of a mote internal nature, con- 
cerned with improvement in functions such as digestion or 
excretion; or with goicral co-ordination, whether by nervous 
or endocrine means; or with the regulation of the internal 
environment. Reproduction may also be considered in this 
category. As examples of these various internal adaptations we 
may take the adaptation of the form of the digestive tract and 
the kinds and quantities of enzymes produced by it tp the type 
of food normally eaten; in nervous co-ordination,', we need 
only think of the inborn mechanism whereby evew time a 
Hmb-muscle' is stimulated to action, its normal antagonist is 
inhibited and relaxed, enabling the contraction of the\odier to 
be more effective; in internal regulation we may Wke the 
astonishingly delicate mechanism whereby the acidity of the 
blood is kept constant in higher mammals; in reproduction we 
need go no further than the human species and reflect on the 
mutual reaction between early embryo and uterus by which 
the elaborately-organized placenta is produced. 

These various classes of adaptations of course^ overlap and 
intergrade. None the less, an enumeration of them b useful in 
reminding ourselves that adaptations are nothing else than 
arrangements subserving specialized functions, adjusted to the 
needs and the mode of life of the species or type. Most adapta- 
tions belonging to our first two categories subserve functions 
usually called ecological, while the functions of most of those 
in the last group are physiological. The concept of function 
has for so long been the preserve of physiology in the restrirtcd 
sense that we are apt to forget that ecological function is of 
equal importance to the species. 

Our enumeration will also serve as a reminder of the omni- 
presence of adaptation. Adaptation cannot but be universal 
among organisms, and every organism cannot be other than a 
bundle of adaptations, more or less detailed and efficient, co- 
ordinated in greater or lesser degree. 

On the other hand, adaptations subserving diflerent functions 
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may be mutually destructive, e.g. high specialization for sexual 
display is ant^onistk to cryptic resemblmce. In such cases, the 
balance between the opposing tendencies will vary in a very 
instructive way according to the ecology of the species (see p. 426). 
Artificial selection, as so often, provides valuable parallels. Thus 
some breeds of dogs, such as bulldogs and St. ^mards, owe 
their appearance to genes which are on the verge of inducing 
lethality, and can only be retained by selection of compensatory 
modifiers (see p. 71). Again, very high milk-producing capacity, 
rapidity of growth, or extreme conformation for meat purposes 
in cattle, pigs, etc., may be close to the limit of physiological 
possibilities; in inferior environments (backward tropical regions) 
animals of this type cannot maintain themselves, so strong is 
counter-selection. 

From the inexhaustible array of possible examples, we may 
select a few which have been subjected to quantitative analysis, 
which ate unfamiliar or striking, or arc of particular importance 
for evolutionary theory. 

A. H. Miller (1937) has analysed in detail the structural pecu- 
liarities of the Hawaiian goose {Nesochen sanduicensis). This is 
an endemic of the Sandwich Islands, and exhibits specialization 
towards a non-aquatic running and climbing habit, with restric- 
tion of flying power and absence of migration. Its habitat is 
arid, and not only docs it appear never to enter water, in the 
wild state, but never to drink it except in the form of dew. 
In correlation with its specialized habits, the webs of the feet «c 
reduced, the legs increased markedly in relative size; a number 
of muscle and tendon characters (quite different from those 
prominent in forms specialized for swimming) promote walking 
and running ability, while the long and flexible toes, with the 
large plantar pads, help it to climb among the steep irregular lava- 
flows; the wings and sternum, on the otiicr hand, arc definitely 
reduced. This example is of course much less striking than many 
classical cases, such as that of the giraffe or the mole, but it illus- 
trates the general adaptive correlation of structure with habit, so 
clearly set forth by Boker (1924). Similarly the thrashers {Toxo- 
stoina) arc adapted to digging (Engels, 1940). 
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From a rather different point of view the exhaustive work of 
Sick (1937) is worth mentioning. His detaUed analysis of feather- 
structure in flying birds demonstrates that feathers exhibit adap- 
tations for efficiency in flight down to the smallest and most 
unexpected details of structure and intercorrelation. 

Desert animals show interesting behavioural adaptations 
s^ainst high winds (Buxton, 1923, p. 110). Thus various desert 
butterflies spend most of their active life flying about inside quite 
small bushes, in order to avoid being blown away; and various 
desert birds, like Clot-bey’s lark (RJtamphocorys cht-bejj), fortify 
the rim of their nest with ramparts of pebbles. 

Our next set of examples concerns adaptations for\the per- 
formance of a function overlooked by most biologists! that of 
toilet in mammab, on which Wood-Jones (1939^) has just 
published a valuable essay. \ 

The most interesting cases are concerned with the care of the 
coat. Ungulates lack special structural adaptations for this func- 
tion, and substitute the crude method of the rubbing-post, com- 
bined with a very restricted application of the tongue, and in 
some instances with the almost equally crude use of horns or 
antlers. In Equidae the subcutaneous muscle-sheet is highly 
developed so as to be capable of strong twitching; this, while 
mainly directed against flies, has a subsidiary toilet function. 

In various mammals the tongue is the chief toilet organ. Its 
greatest specialization for this function is seen in the Fehdac, 
among which it is much rougher than in other mammals. 
Wood-Jones seems to be correct in maintaining that this rough- 
ness has been evolved primarily as a brush-and-comb. In regard 
to behavioural toilet adaptations also the cats arc specialized: 
they are the only animals to Uck their paws and use them to 
reach parts of the head not accessible to the tongue. Other 
organs that may show special toilet adaptations are the teeth 
and the feet. The most remarkable of these are the procumbent 
lower incisors and canines of the lemurs. These have all become 
strangely modified both in shape and position, so that they 
constitute a most efficient six-toothed comb, the downward 
strokes of which arc well suited for dealing with the animals’ 
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diick woolly fur. Furdier, just as combs need deamng, so do 
these teeth: this secondary toilet function is carried out by an 
abnormally developed sublingua. It should be noted that the 
development of teeth as toilet adaptations in lemurs is correlated 
with die almost complete substitution of nails for claws on 
their digits. 

The unrelated “flying lemur”, Galeopithecus, and the bats are 
also precluded, though in another way, from the full use of 
their feet as toilet organs; and Wood-Jones points out that they, 
too, have lower front teeth which appear to be adapted as combs, 
though in a diflerent way from the lemurs’. In Galeopithecus 
there is also a secondary toilet organ, in the shape of the serrated 
front edge of die tongue, which acts as a tooth-brush for the 
pectinated teeth. The toilet function of the special teeth has not 
been observed here as it has in the lemurs, but may with reason- 
able certainty be deduced. 

In marsupials, Wood-Jones has observed that the polyjiroto- 
donts use their incisors as combs, so that the small size, large 
number, structure (and in some cases position) of these may be 
regarded as toilet adaptations, though the hind feet are also 
employed (as we employ both brush and comb). The few large 
incisors of the diprotodonts, on the other hand, are ill-suited 
for this purpose, and not employed in the toilet. Here, the 
united but much reduced syndactylous digits of the hind feet 
appear to be of use solely as toilet instruments. As with the 
teeth of the polyprotodonts, their size and shape arc correlated 
with the length and type of fur with which they have to deal. 
The bandicoots (Peramelidae) appear to be an exception, since 
they are polyprotodont but syndactylous. But observation shows 
that the shape of their teeth is not adapted to acting as a comb, 
so that the exception proves the rule. 

Dusting instincts are among the important toilet adaptations, 
and may restrict habitat (c.g. in Dipodomys: Dale, 1939)* 

Among the other cases cited by Wood-Jones we may mention 
the special bristly brushes on the feet of certain bats.* But enough 

* Actually the most elaborate of all structural toilet adaptations are found in 
higher insects, such as ants and bees. 
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has been said to show the common characteristic of a particular 
type of adaptation. It is concerned with a function: the function 
may be carried out by different organs or combinations of organs 
in different forms: and the organs concerned show different 
degrees of structural modification correlated with efficiency in 
carrying out the function. 

A word may here be devoted to the nest sanitation of birds, 
as this is a good illustration of an adaptation with two points of 
special interest — ^it is transitory, but unlike other transitory adap- 
tations such as the foetal membranes of amniotes, (the egg- 
tooth of birds, or the larval structure of cchinodcrim, it is 
wholly or mainly a matter of behaviour. In almost all birds, the 
nest-cup shows a degree of cleanhness which is astonishmg until 
one reflects on the impossibility of rearing a brood of ^esdings 
in their own fdth. This cleanliness is secured in variou^ ways. 
In some forms, such as birds of prey in the later nestling stage, 
the young defecate only after backing up to the nest-rim; in 
these, specially developed muscles ensure that the faeces arc 
projected well clear of the nest. In most passerines (and some 
other forms), the droppings arc encased in a gelatinous sac 
secreted by the nestling’s intestine. This makes it easy for the 
parent bird to handle the droppings, which arc cidicr eaten or 
carried away to a dbtance. In some cases they are eaten while 
the nestlings are small, but removed when they grow larger, 
and in still other cases (e.g. starling, wren, swallow) a third stage 
is added in which the young evacuate backwards, clear of the 
nest. In some woodpeckers, the parents mix the nestlings’ excreta 
with sawdust to facilitate handling. Young kingfishers appear to 
use the innermost part of the nest-tunnel as a latrine. In various 
species with domed nests, such as the willow warbler {Phyllo- 
scopus trochilus), the nestlings eject their faecal sacs on to the 
outer rim of die nest, outside the entrance hole and to the side 
of it, whence they are removed by the parents. But perhaps the 
most interesting fact is that in many species the ncsdii^ will not 
defecate until the parent taps the cloaca with itr beak, often 
awaiting relief for long periods with uptumedposterior ! All these 
adaptations cease to operate, whether in parents or nestlings, as 
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soon as the young birds leave the nest (Blair and Tucker, 15*41). 

The delicacy of transitory adaptation is diown by the larval 
jaws of the parasitoid Glypta haesitator (Cameron, 1938). These 
are feebly developed in the second and third instars, when only 
fluid food is taken, but are powerful in the first, when they arc 
needed for edosion, and the fourth, when they are required for 
feeding on solid food and for eating a way out of the host. 

In conclusion, we may mention some cases of iwlaptation for 
display among birds. Stonor (1936, 1938, 1940), gives a detailed 
analysis for the birds of paradise (Paradiseidac) and shows 
conclusively that the remarkable variety of display structures 
and the equally remarkable variety of display attitudes found 
in the family are invariably combined to produce the maxim um 
of visual effect. Two examples must suffice. The rifle-bird, 
Epimachtis (Ptilorhis) paradisea, has a display quite unhke that of 
any other member of the family, in which the wings are spread 
in butterfly fashion; and the effect is enhanced by the broadening 
of some of the wing-feathers, resulting in a broader and more 
conspicuous wing. Again, the lesser superb bird of paradise 
{Lophorina superha), has two small patches of specially iridescent 
feathers on the head. For display, these are erected in such a way 
as to catch the fight and appear as brilliant false eyes. 

Stonor (1940) gives an equally illuminating functional analysis 
of the displays of the pheasants and their allies (Phasianidae). 
We may cite one fitde-knovm example. In Bulwer’s pheasant 
{Lobiophasis bulweri), the hinder feathers of the compressed tail 
are stiff and project downwards. In display, they are rapidly 
drawn through the dead leaves of the forest floor, and enhance 
the striking visual effect by means of sound (Heinroth, 1938). 

Among the herons, I have myself studied the display of 
the Louisiana heron {Hydranassa tricolor) and the lesser egret 
{Egretta tkule). Both have a crest, somewhat lengthened ncck- 
fi:athcrs and special feathery aigrette plumes on the back. How- 
ever, the latter are much more h%ljy developed in the egret, 
the crest and neck-feathers in the heron. And in correlation with 
this, the egret in display bmds down so as to render the fan of 
filmy aigrettes conspicuous, while the heron erects its head and 
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neck, and the visual effect of the display depends mainly on the 
crest and much-bristled neck-plumes (Huxley, 1923A). 

Conspicuousness is an essential of display: but this function 
runs counter to the need for concealment. The reconciliation of 
these opposing selective tendencies is effected in various inter- 
esting ways (see Huxley, 1938c). Where the need for visual 
concealment is least, as in dense forest, selection for conspicuous- 
ness can have full play. It is certainly no coincidence that the 
most brilliant secondary sexual characters arc found in forest 
ferms such as birds of paradise, peacock, most pheasant, trogons, 
many humming-birds, etc. (Stonor, 1940). Where thje need for 
more concealment is greatest, as in defenceless birds of open or 
relatively open country, display-coloration may be wholly absent, 
as in the skylark {Alauda arvensis), and visual stimulation must be 
effected solely by striking behaviour. In odicr cases, as Witli the 
prairie chicken {Tympanuchus cupido) of the American prairies, 
a compromise is effected by which the display characters are 
normally invisible and the bird is markedly cryptic, but become 
strikingly conspicuous (in this case by expanding of concealed 
patches of bare yellow skin on either side of the neck, until they 
look like half-oranges) during the display itself. The great bustard 
{Otis tarda) of the European plains is another striking example, 
which, by inflating an enormous throat-pouch and everting the 
wings to show normally concealed white feathers, transforms 
itself from an inconspicuous to a highly conspicuous object 
during its display. 

Finally, the difference in reproductive habits in birds makes it 
possible to calculate the differing selective advantage that accrues 
from success in mating (Huxley, 193 Sa and b). We may distin- 
guish fractional, unitary, and multiple reproductive advantage. 
Fractional reproductive advant^ is provided by stimulative 
characters whose effect is merely to raise the reproductive effi- 
ciency of a single mate. Unitary reproductive advantage accrues 
to monogamous forms from characters adapted to securing a 
mate in the first instance: the male bird either secures a mate 
and reproduces, or docs not do so and fails to reproduce. And 
multiple reproductive advantage accrues in polygamous forms 
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from characters adapted to securing mates and in promiscuous 
forms from those adapted to securing coition: success here 
means transmitting successful characten to the offipring of many 
mates instead of only one. In correlation with diese differences 
m selective value, characters with a fractional advant^e, like 
display-characters in monogamous territorial passerine birds, in 
which display occurs only after a mate has been secured, are 
never very strongly developed. But in such forms a number of 
males regularly fail to secure a territory and a mate; and the 
characters concerned with securing tliis reproductive advant^e, 
such as song, are striking and may appear exaggerated or “hyper- 
telic”. Finally, where multiple reproductive advantage exists, 
display characters and display behaviour normally reach an 
extraordinary pitch of ex^geradon, as in ruff (Machetes), pea- 
cock (Pauo cristatus), various pheasants and grouse, birds of 
paradise, etc., and the display-characters may even be clearly 
disadvantageous to the individual in all aspects of existence other 
than the reproductive, as in the train of the peacock, the wings 
of the argus pheasant (Huxley and Bond, 1942, Proc. Zool. Soc. 
A. 3 : 277), or the plumes of some birds of paradise (and see p. 484). 

The giant panda (Ailuropoda melanoleuca) has recently been 
shown to possess an unexpected structural adaptation to its 
special feeding habits (Wood-Jones, I939<i). As is well known, 
this aberrant carnivore lives almost exclusively on bamboo- 
shoots. In order to hold these properly while feeding, the sesa- 
moid bone on the radial side of the hand has been much enlarged 
and furnished with a regular articulation with the scaphoid 
bone, and a muscle which normally runs to the base of the pollex 
has become diverted to it. The sesamoid with its overlying 
homy pad has thus become modified into an organ functioning 
as an opposable thumb. The actual pollex was apparently too 
specialized to be modified in this direction. Through this re- 
markably adaptation the giant panda has become endowed with 
delicate grasping capacity far beyond that of any other member 
of the order, though the common panda (Ailurus fulgens) 
shows some modification in this direction. 

As one more example of this type of adaptation we may take 
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the external cars of the nocturnal bush-babies (Galago). These 
are very much enlarged, to catch and concentrate sound-vibra- 
tions. They are also mobile, like the enlarged piiuiac of many 
other mammals, thus ensuring a considerable degree of direc- 
tional hearing. Finally they (together with the cars of other 
lorisoids, but to a greater degree) are unique in having transverse 
discontinuities in the cartilages which enable them to be rapidly 
folded up, thus obviating damage to the delicate pinnae from 
contact with branches, etc. (Osman Hill, 1940). Here we have 
three sets of modifications all subscrvmg one adaptive function. 

A recent study by Thorpe (1936) on the life-history of the 
chalcid Eticyrtus infelix, parasitic on a scale insect, will serve as 
an example of an unusual adaptation. On reaching its fourth 
instar, the parasitic larva changes its position and becomes in- 
vested with a membranous sheath produced by the hi>st. The 
sheath then becomes attached in an extraordinary manner to the 
main lateral tracheal trunks of the host, in four (or six) separate 
places close above the larval spiracles, in such a way that air can 
pass through, and the parasite from then on respires at the expense 
of its host. “The conclusion that the whole structure is an adap- 
tation for the respiration of the parasite seems inescapable.” 

Such “induced adaptation”, utilizing the tissues of a host 
organism, is of course also found in gall-producing animals; 
the galls they produce may be highly elaborate structures, clearly 
adaptive in protecting and sheltering the parasite. To quote 
from Went (1940), “The complexity of the structures induced 
by the gall insects is often astounding. The central part of the 
gall with die insect in it may become detached after it is full 
grown. Then the insect will be released from this box through 
opening of a pre-formed lid. . . . The inside of the larval 
chamber is often lined with cells very rich in proteins.” 

Adaptation is as normal in instinct as in struaure. The host-selec- 
tive instincts of parasitoids hardly ever miscarry (W. R. Thompson, 
1939) ; the specificity of such instincts is secured by utilizing a 
distinctive combination of a few sensory dues (Russell, 1941). The 
curious roosting instincts of the hombill Lopfwceros tnehmokucos 
(Ranger, 1941) are adaptations to secure its nocturnal safety. 
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Adaptation is just as often manifest internally as externally, 
in improvement of some physiological function as in better 
adjustment of some obvious external character Ukc colour or 
pattern to the environment. Thus, to take a recently investi- 
gated example, the giant nerve-fibres of various cephalopods 
constitute an adaptation for quick and simultaneous contraction 
of the mantle to expel a jet of water (Pumphrey and Young, 
1938). In Loligo, the size of die fibres is graded, larger fibres 
being found in longer nerves; “this is apparendy a further device 
for securing more nearly simultaneous contraction”. 

The adaptation of parasites to their hosts comprises a wide 
range of physiological features, among which the degree of 
virulence may be singled out here. As is well known, many 
parasites are only mildly or not at all pathogenic to their natural 
hosts, though extremely virulent when given the opportunity 
of attacking “virgin” hosts, e.g. the trypanosomes of wild game 
when they obtain a footing in domestic cattle. While this is in 
part due to an adaptive increase of resistance on the part of the 
hosts (cf. the resistance to measles, etc., of human populations 
which have been long exposed to the disease, while unadapted 
populations exhibit a high mortality), it may be in part due to 
the parasite developing an adaptive lower degree of virulence. 
For it is obviously a disadvantage, from a survival standpoint, 
for a parasite to kill its host, so that strains of too high virulence 
will tend to eliminate themselves. 

Adaptations to symbiosis are sometimes very striking. Thus 
numerous animals are enabled to exist in wood by utilizing fungi 
which break down the wood and probably also act as a source 
of food for the animal. Special pockets are often produced by 
the animal, in which a supply of the fungus is carried. This 
occurs for instance in the larvae (probably only the females) of 
the wood-wasp Sirex (Parkin, 1941); for numerous other 
examples, see Buchner’s book (1928). That the special organs arc 
definite adaptations for ensurii^ a constant supply of the sym- 
bionts cannot be questioned. Tridacna has remarkable adaptations 
for exploiting algae (Yongc, 1936), including lenses for increasing 
photosynthesis. 
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Again, the comparative study of respiratory pigments and 
respiratory behaviour in animals has revealed a series of respiratory 
adaptations to way of life (see p. 435). Recent work on animals 
with ciliary feeding has similarly revealed the existence of diverse 
and elaborate adaptations adjusting the ciliary mechanism to 
different modes of life (cf. Yonge, 193 8t). 

The total range of these functional devices is very large, and 
(once the hypothesis of special creation is ruled out) can only 
be ascribed to accurate selective adaptation. We need not 
continue the list: it would be almost coterminous with the data 
of comparative physiology and physiological ecologyl 


3. REGULARITIES OF ADAPTATION 

The perusal of such a work as Hesse, Alice, and Schmidt’s 
Ecological Animal Geography (1937) shows that the study of 
faunas and floras confined to particular habitats will invariably 
reveal certain recurrent pccuharities. Sometimes these recurrent 
characters are obviously, or at least prima facie, adaptive, like the 
coloration of desert or pelagic forms, the prevalence of special 
touch-organs and of luminescence in the deep se^ webbed feet 
in aquatic birds and mammals, or prehensile tails in forest-living 
vertebrates. In other cases they are correlated characters in 
Darwin’s sense: this applies, for instance, to some (though not 
all) of the reduction in relative size of exposed parts like ears 
or limbs, in subspecies or closely related species of mammals 
from high latitudes (p. 213). In still other cases, their significance 
is doubtful, but even then the fact of their correlation with a 
particular habitat must be of some significance, and points the 
way to further analysis. 

We have already mentioned certain regularities of variation 
in discussing clines (pp. 21 1 scq.), and given reasons for beUeving 
that most of them were genetic and adaptive, though the visible 
characters ebneemed might often be only correlates of the 
invisible physiological adaptations. 

In other cases, we cannot be stwre whether the regularities 
are genetic or purely modificational. Among these wc may 
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mention the parallel variation seen in many telated species of 
fish with decreasing salinity (sec e.g. Mobius and Heincke, 1883), 
the tendency of fresh-water mussels to be more globose in larger 
waters (Ball, 1922), or the increase in thickness and spinosity 
of shell in the river snails of the genus lo as one proceeds down- 
stream (Adams, 1915)- One must therefore suspend judgment 
as to die adaptive nature of such regularities pending experi- 
mental analysis. 

As illustrating genetic regularities, we may take those of desert 
grasshoppers (Acrididae), as described by Uvarov (1938). This 
example is perhaps specially pertinent, since Uvarov is an 
opponent of all adaptational interpretations. He distinguishes 
four main faunas within the miyor climatic habitat afforded by 
desert — the deserticolous proper, inhabiting bare open ground; 
the saxicolous, inhabiting the rougher habitat provided by the 
rocky slopes of low eroded desert mountains; the arbusticolous, 
inhabiting the xerophilous shrubs of many deserts; and the 
graminicolous, inhabiting the perennial grasses of certain desert 
plains. These four types differ markedly in body-shape. The 
deserticolous forms have a depressed body (measured on the 
metathorax) with width-height ratio from i-o to 2-0. In saxi- 
colous forms the ratio is from 0-7 to i >0, much of the height 
being due to a prominent narrow dorsal crest. Arbusticolous 
forms have a similar ratio, though widiout the crest; and 
the graminicolous forms have the most compressed bodies 
of all. 

In addition, deserticolous forms tend to be hairy, with punc- 
tured, wrinkled, or otherwise sculptured surface, and close 
resemblance in colour to the soil, often coupled with Hash 
coloration in the hind wings and legs. Most of them are good 
fliers. In saxicolous forms, the sculpturing is much coarser (the 
above-mentioned dorsal crest being itself an example of this), 
and there is a considerably higher percentage of flightless forms. 
Coloration is similar to that of the first group. Arbusticolous 
forms possess “climbing legs”, which differ in their proportions 
from the jumping legs of the first two types; they also exhibit 
concealing coloration, which here, however, tends to be greyish- 
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green. Enally, in the gnuninicolous forms hairiness and surface 
sculpture are usually negligible, flash coloration is absent, and 
general coloration is that of green or dry grass, frequently with 
tbe sharply-defined l^ht longitudinal stripes that Cott (1940) 
has shown to be obUterative in grassy habitats. 

In spite of Uvarov’s anti-adaptional bias, it would seem dear 
that in these various &unas coloration, both general and flash, 
body form, and body sculpture are all adaptive. If the form of 
the legs in the arbusticolous forms can be designated by the 
functional term of “climbing”, it would seem natural tb designate 
the coloration as “concealing”. The high pilosity or the open 
desert forms merits further study. \ 

Another excellent recent example, the result of capful field 
study of a fauna inhabiting a region with well-marked Ecological 
characteristics, is the work of Linsdale (1938) on the 'avifauna 
of the Great Basin in the western U.S.A. The region is arid, 
the climate severe, with prevalence of strong winds and some- 
what scanty and usually low vegetation; the distribution of most 
birds therefore tends to be more scattered than in more luxuriant 
surroundings. The preponderating characters of the passerine 
birds correlated with those environmental features are as follows: 
a great development of flight-songs, in relation to the scarcity 
of high perches; a high percentage of protectively-coloured 
adults; a tendency for both nestling plumage and ncst-linmg to 
be pale-coloured, in order to reflect excessive light;* strong 
powers of flight, to cope with the wind; a high proportion of 
species arc migratory, in relation to the severity of the cUmate; 
songs and calls are unusually loud, to compensate fpr the scattered 
distribution of individuals; long-range vision is unusually acute, 
partly for the same reason, partly in correlation with the lack 
of obstruction by vegetation; a high proportion of forms nest 
on or close to the ground. 

Dice (i94ol») calls attention to adaptive regularities among the 
subspecies of the single genus Peromyscus, and we mention else- 

* Linsdale (1936) has also shown that the opposite conditions ate correlated 
with dark nest-liiting and nestling plumage, dius fadlitatidg the maximum 
absorption of heat. 
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vAcre (p. 214) the similar regularities in the Australian bird 
AeanAiza. 

We have already referred to the frequent correlation of general 
tint with cUmate (Gloger’s rule, p. 273), Meinertzhagen (1934) 
gives a good example of this, in the darker plumage of a number 
of bird species in the Outer Hebrides. He concludes that reduced 
sunshine and increased atmospheric humidity, rather than hi gher 
rainfall, are the meteorological faaors responsible. 

Meinertzhagen (1919) also points out that in migratory species 
these regularities are correlated only with the climate of the 
breeding-quarters, not at all with that of the winter-quarters. 
This may be due to the greater intensity of selection during the 
breeding-season (cf. p. 212). 

Buxton (1923. ch. 7) gives a valuable summary of the colora- 
tion of desert animals; but his rejection of their cryptic selective 
value is much too sweeping. Though doubtless many instances 
of sandy pallor in deserts are examples of Gloger’s rule, and 
correlated primarily with climate, many ' others are certainly 
cryptic. His objection that normally invisible areas, such as the 
soles of the feet in mice, are of the same colour as the visible 
parts- may be accounted for by “correlated variation’’, the entire 
colour being affected except where selective counter-reasons 
exist. In general, pigmented chitin is tougher, more heat- 
absorptive, and less permeable to water-vapour. This accounts 
for various regularities of insect distribution (Kalmus, 1941^), 
e.g. the frequency of black desert species (p. 451), and the increase 
of p^mentation with altimde and latitude. 

It should be mentioned here that some bird species have been 
experimaitally darkened by exposure to humid conditions. The 
most interesting case for our purpose is Muma flaviprymna, a 
desert form of weaver from Australia (Seth-Smith, 1907). 
The dark experimental modification of this form, though rather 
variable, is somewhat similar to a dark form found in nature in 
a more humid region of Australia. It was at first concluded that 
the dark colour of tliis latter form (which was treated by Seth- 
Smith as a distinct speaes, but is to^ay regarded as subspedfic) 
was itself only modificationaL It is much mote likely, however, 
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especially in view of its greater variability, that the experimentally 
darkened desert form was what Goldschmidt (e.g. 1940) calls 
a phenocopY of the genetic darkening of the subspecies from the 
humid region. If so, the two contrasted forms may have arisen 
by organic selection (p. 304), genetic adaptation having replaced 
an original adaptive modification. In any case it is worth noting 
that other climatic colour-forms are not modifiable in this way. 
Thus Sumner (1932, p. 26) could obtain no darkening of 
pale forms of desert Perotnyscus in more humid conditions, or 
lightening of dark humid forms in drier conditions. 

When adaptive regularities exist, any exceptional to them 
immediately attract attention and call for analysis. Foo instance, 
the correlation of some sort of webbing on the feet with markedly 
aquatic habits is all but universal in birds. Ducks, geese, swans, 
gulls, terns, petrels, frigate birds, pelicans, cormorants, gannets, 
and the like have either three or all four toes joined by a web; 
coots, moorhens, grebes, and phalaropes have lateral lobes on 
each toe. But the dippers (Cinclus) exhibit not a trace of webbing 
or my other aquatic adaptation, although they are restricted to 
streams, obtain much of their food below the surface of the 
water, and can swim on the surface. Structurally, they appear as 
terrestrial as a thrush or a wren. Can there be a reason for this 
exception to the rule, or are they still in the early stages of 
adaptation to a new habitat.^ Their wide distribution seems to 
negative the latter explanation. The suggestion may be made 
that they have adopted a unique type of aquatic food-seeking. 
Many birds that frequent stream-edges walk some way into the 
water in order to fmd food: the dippers have extended this 
habit and walk on until they arc wholly submerged. They search 
for food by subaqueous walking, and in this they not only do 
not require webbing but can get a better grip of submerged 
water-plants and rough surfaces if their toes arc free. The excep- 
tion is a clue to exceptional habits. . 

Determination of metabohsm, temperature-resistance, etc., 
when combined with accurate anatomico-physiological study of 
respiration and directed by ecological knowledge, often reveal' 
regularities in llxc close adaptation of forms to their habitat. 
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As an example we may take the work of Wingfield (i939<2, b) 
on mayfly nymphs belonging to various genera. Thus in BaeHs 
from swift streams, die tracheal gills do not aid oxygen-con- 
sumption; in the pond-dweUing Chloeon dipterum they act as an 
accessory respiratory mechanism by promoting ventilation, but 
at low oxygen concentrations only; while in the burrowing 
Ephemera vulgata they aid oxygen-consumption in all circum- 
stances, apparendy as true respiratory organs as well as by pro- 
viding ventilation. Similarly, forms from swift streams have a 
lower thermal tolerance than those from slow streams, while those 
from ponds arc most resistant. This is in accordance with the tem- 
perature extremes expected in nature (see also Whimey, 1939). 

Fox and his co-workers (see H. M. Fox, 1939) have studied 
the activity and metabolism of poikilothermal animals of very 
various kinds from different latitudes. Among closely-related 
species, the one living in higher latitudes is generally, but by no 
means always, adapted in some way to the lower temperatures 
of its normal habitat: at a given temperature, its heart-beat, 
respiratory movements, or other activity, is greater than that of 
its relative from warmer regions. The same phenomenon may 
also be found as between high-latitude and low-latitude popula- 
tions of the same species. Differential heat-resistance also exists 
in many cases. As Fox points out, it is difficult to be sure whether 
the undoubted adaptation thus shown, enabling cold-water types 
to carry on the business of living at a reasonable rate, is modifi- 
cational, genetic, or a mixture of the two. We are probably safe 
in assuming that, when the difference is one between different 
species and is of considerable extent, it is mainly genetic, although 
the recent work of Mellanby (1940) shows how rapid and 
extensive modificational adaptation may be. A critical analysis 
of the problem is highly desirable. (Cf. calcicole plants, p. 273.) 
J. A. Moore (1941) has demonstrated a similar and undoubtedly 
genetic adaptation in different species of frogs, those from colder 
breeding habitats having a lower temperature-tolerance, and 
faster-developing eggs. Even the jelly-membranes and the form 
of the egg-mass are climatically adapted (Moore, i 94 o)- Agaai, 
the field-mouse Apodemus flavicoUis, in correlation with its 
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distribution, prefers radier lower temperatures than the dosdy 
related A. sytvaticus (ICalabuchov, 1939); furthermore, within 
the species, individuals from higher latitudes preferred lower 
temperatures than those from warmer regions. (Sec p. 271,) 
That the adaptation between geographical varieties or sub- 
species of a single species may also be mainly genetic is shown 
by various researches, such as TimofeeflP-Ressovsky’s previously 
cited work on local variation of temperature-resistance in Droso- 
phila junehris (p. 191), but most exhaustively by the studies of 
Goldschmidt (1934, 193 8i) on the gipsy moth Lymatrllna dispar. 
Here the genetic peculiarities of the geographic ra<«, to use 
Goldschmidt’s own words, “harmonize the life-cycle of die 
animal, especially the feeding season and the diapause. With the 
seasonal cycle of the inhabited region”. \ 

In many cases, notably in Japan, the lines of genetic demar- 
cation between major groups of races are quite sharp. Originally 
it had been found impossible to correlate these lines with corre- 
sponding sharp changes in any single meteorological factor. 
Recendy, however, as Goldschmidt (19386) points out, it has 
been shown that they correspond with extreme accuracy with 
changes in soil type, and that the soil types in their 'turn depend 
upon the interrelation of several meteorological factors. This is 
a reminder of the fact that cUmate cannot be properly measured 
by variations in single meteorological phenomena, such as tem- 
perature or day-length, since it inevitably represents a complex 
summation of numerous factors; and further, that physical 
factors like soil or biological features such as geographical distri- 
bution may often prove the best indicators of such summadons. 
In this instance, the discovery of physiological adaptations between 
subspecies of moths proved to be the first (and very accurate) 
indication of climatic regional differences. It should, however, 
be noted that though the subspeciation of the gipsy moth is 
thus delicately adjusted to climate," adaptation to food plants 
may act as a hmiting factor (see later for cases of climatic limiting 
adaptations). For instance, in the U.S.S.R., the area of periodic 
mass outbreaks of rapid reproduction of L. dispar coincides with 
the distribution of its optimal food, the oak plant. 
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Plants, too, may show delicate climatic adaptation of geo- 
graphical (ccoclimatic) subspecies. Thus according to Clausen, 
Keck, and Hicscy (1937) the coastal subspecies (which they call 
ecotypes) of most Californian plants have a constitution genetically 
harmonized with a climate providing mild winters and along 
growing period. Transplanted to an alpine station, although 
their development is hastened through dwarfing, they can 
seldom or never mature any seed, and are often unaWe to flower 
on resuming growdi in the summer. The alpine subspecies 
(“ecotypes”) of the same plant have a cycle related to a climate 
of long cold winters and a short growing period. Transplanted 
to a coastal station, they flower poorly or not at all, and show 
a generally weak appearance in spring. “The adaptive capacity 
(modification al plasticity) of coastal and alpine ecotypes is there- 
fore insufficient to allow either to live and to compete in the 
habitat of the other. It is the difference in inheritance that enables 
them to succeed in their respective regions.” 

The exhaustive experimental studies of Turesson (see sum- 
mary in Barton-Wright, 1932) have independently led him to 
similar conclusions. In different regions, adaptations arise which 
are jointly related to climate and life-cycle. He investigated both 
summer-flowering (acstival) and spring-flowering types. In 
aestival forms, the more southerly populations showed a con- 
siderable (genetic) increase in height combined with lateness, 
while alpine populations showed earhness and reduced height 
as compared with lowland ones. In spring-flowering forms, on 
the odier hand, it is the more northerly populations that show 
lateness, up to the latitude of southern Sweden; further north 
than this, earlincss is again favoured. The low-latitude earlincss 
appears to be related to the general earliness of trees in the 
region, for it is advantageous for the spring herbs to produce 
their leaves and flowers before the leafy canopy cuts off the 
sunlight; in very high-latitude spring forms, earlincss is doubt- 
less correlated with the shortness of the vegetation period. All the 
regional peculiarities of the plants investigated are thus adaptive. 

Similar though less exact conclusions arc reached by O. E. 
White (1926). For instance, black walnuts (Jn^Iatts tii^ra) from 
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Minnesota are much winter-hardier than those from Alabama 
or Texas, though morphologically indistinguishable. Again, a 
h^h mountain ecotype of the Cedar of Lebanon {Cedrus libant) 
is perfectly hardy in Massachusetts, where the normal form of 
this species shows poor cold-resistance. In support of adaptive 
climatic dif^rentiation within the species. White dtes the com- 
mon practice of gardeners and foresters to use seed from the 
northern limit of a species’ range when winter-hardiness is desired. 

4. ADAPTATION AS A RELATIVE CONCEPT 

In cases like these, the physiological characters of the l^ai groups 
must clearly have been adjusted dining evolution to the climatic 
characters of their environments, and are thus in the strictest 
sense adaptive. But there are many examples where the evolu- 
tionary relation between physiology and climate is not so obvious. 
As illustration we may take some of the cases of plant distri- 
bution in Britain so interestingly discussed by Salisbury (1939). 
In the Scots pine (Pinus sylvestris), pollination occurs normally 
in May, but fertilization not for another thirteen months. Unless 
the temperature in both summers reaches a certain minimum 
combination the pollen-tubes will not reach the ovules. This 
provides quite a different set of meteorological conditions for 
fulfilment than does the attainment of a minimum level of 
temperature during one season, as would be the case for the 
fertdization of most species, and there is some evidence to show 
that it is a limiting factor for the northern distribution of the 
species. 

In many cases it is the temperature obtaining during the time 
of fruit-formation, not flower-formation, which is decisive. This 
is so, for instance, with many species of the southern element 
in the British flora, such as the common milkwort. Polygala 
calcarea, or the fluellin, Linaria spuria. The form of the life-history 
may be of importance in various ways. For instance, the time at 
which flower-buds are laid down varies in different plants. In 
daffodils it is May, and the optimum is about 9® C., while in 
hyacinths it is August and the optimum about 25°. Thus in 
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daffodils either too high or too low May temperatures would 
inhibit flower production, while they would have no influence 
on the process in hyacinths. Again, the two British species of 
Arum dif&r in their winter habits, the common cuckoo-pint, 
A. maculatum, over-wintering as a deep-situated corm, immune 
from most frosts, while A. neglectum produces its new foliage in 
December. The latter is thus readily killed by frost, but where 
it can survive, its winter photosynthesis gives it an early start in 
spring before the trees above it have developed their leaves. 
The British range of A maculatum extends far into Scotland, 
whereas that of A. neglectum is restricted to our southern and 
soudi-wcstcm coasts. We may say that A. neglectum shows an 
adaptation to woodland life — ^but only in mild temperate climates. 
A somewhat similar difference, with similar results on distri- 
bution, is seen between Scilla vema and S. autumnalis. 

Numerous similar cases may be found in textbooks of plant 
ecology. We may add a recent example from animals. Nash 
(1937) has been able to study the ecology of the tsetse-fly Glossina 
morsitans both in East and West Africa (Tanganyika and Northern 
Nigeria).* Both races appear to demand the same or very similar 
optimum conditions — a temperature of about 23" C. and a 
saturation deficiency of about 6 millibars. These conditions are 
much more nearly reproduced in the Berlinia-Brachystegia wood- 
lands of Tanganyika than in the rather diflerent habitat provided 
by the small residual forest islands of North Nigeria. In both 
regions these forest areas constitute the “true habitat” of the 
species. In the dry season, as evaporation rises the flies become 
restricted to this true habitat; but in the wet season they show 
a much wider dispersal. Distribution is definitely controlled by 
climatic factors, not by abundance of game for feeding. 

in Tanganyika, the species breeds mainly under fallen trees; 
in the rainy season dispersal is very extensive, and the comparative 
mildness of the dry seasons may allow it to consolidate some of 
its wet season advances and to form new fly-belts. In North 
Nigeria, on the other hand, the species breeds promiscuously on 

* The West African form is often distinguished as a separate species* G, 
submorsiteuts; but is better regarded as a geographical subspecies. 
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the forest floor (so that the logtraps so valuable in East Africa arc 
useless) ; the wet season dispeml is much less in extent, and the 
severity of the dry season is such that no new colonization can 
occur; the concentration of fly during the dry season is much 
more pronoimoid; the heat and aridity of the dry season is so 
great that certain habitats (small meadow-pans) are never available, 
and mid-day inactivity (never observed in East Africa) occurs. 

Nash considers that the West African form has remained essen- 
tially similar to the East African in its physiological requirements. 
“Having failed to adapt its constitution to the climate, it has 
perforce adapted its habits; had it evolved a constitution which 
preferred a higher degree of evaporation and temwrature, the 
greater frequency of optimum conditions would have enabled 
it to become as widespread a pest as its East African represen- 
tative.” \ 

In a later paper Nash (1940) has applied these theoretical 
considerations in practice. Dealing with the three species of 
Clossina found in Nigeria, G. tachinoides, G. palpalis, and G. 
morsitans, he first established their basic ecological relations, and 
then introduced experimental clearing designed to accentuate 
the severity of pcssimum conditions. Witli G. tachinoides, partial 
clearing on a small scale leads to local extermination, but this is 
followed by rccolonization. With large-scale clearing, however, 
total extermination is obtained. With G. palpalis, this method 
appears to be of value only in the drier parts of the species’ 
range. Finally, with G. morsitans, which has rather diflerent 
ecological requirements, very extensive and ruthless total clearing 
is needed to cflect extermination, and is not recommended 
“unless warranted by a large [human] population and abundant 
funds”. The case is interesting as illustrating the practical applic- 
ability of an ecological viewpoint which thinks in terms of 
adaptation to environment. 

These examples from tsetse-flies arc illuminating in various 
ways. They illustrate, like the plant examples previously adduced, 
the importance of inherent physiological requirements, but also 
well demonstrate the role of modificational plasticity in ensuring 
adaptation. 
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As would be expected, plasticity in this sense is more wide- 
spread among plants than among animals. Following up the 
pioneer work of Bonnier (1895), its extent has been investigated 
by various authors. Many forms have an astonishing degree of 
plasticity. Thus Clements (1929) was able to demonstrate marked 
alpine dwarfing in lowland types of many species transplanted 
into alpine conditions. He was at first inclined to minimize the 
existence of genetic differences between types. Later, however, 
(e.g. Clements, 1932) he admits that species differ in their plas- 
sticity. Thus in the genus Mertensia, M. sibirica has no plasticity, 
while M. prateiisis and M. lanceolate can be made to resemble 
each other very closely. 

Clausen and his associates (see e.g. Clausen, Keck, and Hicsey, 
1938, 1940) have shown how complex is the interrelation of 
genetic and modificational factors in such cases. For instance, 
four major ecotypes (ecoclimatic subspecies) are differentiated 
in the majority of plants in the U.S. Pacific slope — a coast range, 
a lower mountain, a subalpine, and an alpine form. Yet corre- 
sponding ecotypes of different species may react quite differently 
when transplanted. Thus the alpine race of Potentilla diversifolia 
is relatively stunted when transplanted to a mid-altitude station 
(tliough near sca-lcvcl it again becomes larger); but the alpine 
races of P. glandnlosa and P. gracilis become largest at the mid- 
altitude station and Are most dwarfed in their natural habitat: 
the alpine races of Achillea millefolium and Aster occidentalis, on 
the other hand, while tallest at the mid-altitude station, arc more 
dwarfed in lowland than in alpine conditions. 

Mcanwliile Marsden-Jones and Turrill (1938, etc.), though 
failing to corroborate some of the more sweeping claims of 
Bonnier and of Clements (see discussion in Turrill, 1940), have 
demonstrated how different is the range of modificational plas- 
ticity in different species. Tlius the knapweed Centaurea nemoralis 
and the kidney-vetch Anl/jy/Z/s vulneraria arc little modifiable 
by different soil conditions, while the plantain Plantago major 
is extremely plastic. In higher animals, behavioural adaptation 
seems to take the place of modificational plasticity in plants. 

In some of tliesc cases, the modification can hardly be regarded 



442 evolution; the modern synthesis 

as adaptive. This applies, for instance, to the stunting of organisms 
by unfavourable conditions as the limit of the range of the 
spedcs is approached. This is of course common in plants, but 
may also occur in higher animals. Thus the American freshwater 
fish Xenotis megalotis is markedly smaller in the northern part 
of its range, in correlation widi the mean temperature and the 
Iragth of the warm season (Hubbs and Cooper, 1935). Fully- 
grown forms from northern Michigan are 20 per cent smaller 
than those £^om the south of the state. Though such modification 
appears to be wholly non-^enetic, it must alter ecological 
relations of the spedes. 1 

These examples of correlation between organic constitution 
and cHmate or habitat begin to shed light on the problem of 
adaptation as a whole. Some climatic adaptations mow high 
spedalizadon — ^for instance, the run-off mechanisms ' of plants 
exposed to constant moisture, or contrariwise the water-storage 
mechanisms of certain desert plants; some of tliese latter from 
the Arizona desert can store enough water to last for more than 
one rainless year — ^in certain cases (e.g. Ibervillea sonorae) up to 
ten or more! (see MacDougal, 1912). Other correlations with 
climate arc more general, though clearly adaptive in the narrow 
sense of having been accumulated by selection over a long period. 
Here we may reckon the various adaptations of plants to cold 
winters — deciduousness in broad-leaved trees; restriction of 
transpiration in needle-leaved trees; over-wintering as bulbs, 
corms, or seeds, etc., in herbs; general resistance to low tempera- 
ture. Adaptations of mammals in cold climates to hibernation, 
to the reduction of heat-loss, or to adjust the breeding season to 
the needs of the growing young, fall under the same head. For 
example, in the roedeer fertilization occurs in autumn as with 
other north temperate Cervidae, but the embryo does not 
develop beyond the early segmentation stage until spring, thus 
ensuring birth in the favourable -period of early summer (see 
F. H. A. Marshall, 1910, p. 32). Similar definite climatic adap- 
tations, but of a much more delicate nature, are to be found 
between closely related species, or, as we have seen in Lymantria, 
between races of a single species. 
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At the other extreme there arc organisms with ranges limited 
by climatic factors, rather tlian closely adjusted to them. We 
have just seen excellent examples in Glossim morsitaus and in 
various plants. Such forms of course show some cUmatic adap- 
tation — ^no tsetse-fly could exist in the arctic, for instance, or in 
a full desert — ^but it is of a very general nature. The correlation 
between the organism and its environment is in this respect 
neither delicate nor exaa: diere is an absence of the lock-and-key 
correspondence to be seen, for instance, in some colour-adap- 
tations, or in various devices for securing cross-pollination in 
plants — and apparently in the climatic relations of Lymantria. 
Similarly, many higher animals are found in a number of different 
habitats. Adaptation is tlien to a range of habitat-types, not to 
a single habitat. Certain features in the environment (here often 
in the plants rather than in physical characters) act 'as limits to 
the distribution of the species, but adaptation is not close or 
detailed (see Diver, 1938, 1940). 

The common heron [Ardea cinerea) shows a marked ecobiotic 
adaptation to securing food from shallow waters. In addition, 
it is restricted, and presumably adapted,, to a certain climatic 
range. But the environment also acts selectively in yet another 
way. During exceptionally severe winters, herons may starve 
through the freezing of the waters which dicy frequent. The 
careful records compiled annually by the British Trust for 
Ornithology (Alexander, 1941) show that herons from colonics 
within easy range of salt water were least affected by the very 
severe winter of 1939-40. In 1940, the heron population of the 
British Isles showed a general decrease in number of occupied 
nests, compared with the average for the previous three years. 
But whereas for inland heronries (more than 25 miles from 
tidal waters) the decrease was 3 1 per cent and for those between 
2 and 25 miles from 'tidal waters it was 26 per cent, for coastal 
heronries (less than 2 miles from tidal waters) it was only 13 per 
cent. Thus low winter temperatures and distance from the sea, 
somedmes separately, sometimes joindy, are bound to be factors 
limiting the northern distribution of the species. This is borne 
out by die facts. Tlie heron breeds up to 70° N. in Norway 
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but only to 66° in Sweden and to about 6o° in the U.S.S.R. 
(Witherby, 1938-41), 

We find further that organisms may be adapted to climatic 
(and other environmental) factors either narrowly or broadly. 
Stenothermic species, for instance, have a narrow range of 
temperature-tolerance, eurythermic forms a wide one; Moore 
(1940, Amer. Nat. 74 : 188) points out that eurythermy is very 
rare in aquatic animals, and is itself an adaptation to the fluctuating 
temperature of land life. Stenohaline and euryhaline forms may 
be similarly distinguished. We may extend the corjeept to indi- 
vidual plasticity by distinguishing “stcnoplastic” iand “cury- 
plastic” forms (p. 519). Euryplasty may grade over mto general 
h^h viability, which is itself an adaptation, thoughlintemal or 
intrinsic rather than related to particular external Renditions. 
Range of ecological habitat may also be broad or narrow. 

We must also remember that adaptations may be very close 
and detailed, and yet, like mimicry in Lepidoptera, of no or 
negli^ble value to the species as a whole, since they have arisen 
entirely by intra-specific selection (§ 8), and are thus biologically 
subsidiary to adaptations affecting general viability, resistance to 
parasitoids, etc. (see A. J. Nicholson, 1927). 

This is perhaps the place to mention some interesting cases 
which suggest that evolutionary adaptation to recent climatic 
change may now be active. I refer to the numerous well-audien- 
ticated cases of steady and considerable extension of range wliich 
cannot apparently be put down directly or indirectly to human 
interference. Timofeeff-Rcssovsky (1940) cites several cases, 
of which we may mention the serin findi [Serinus canarius serinus) 
and the yellow-breasted bunting {Emberiza aureola). The former 
has since 1800 extended its range northwards from southern 
France almost to the English Channel, and from the eastern Alps 
almost to the Baltic. The latter since 1825 has extended its range 
westwards from the Urals to west of Leningrad. Similarly the 
roller (Cormas garrulus) has shown a northern range-extension 
in eastern Europe, and the warbler Acanthopmuste viridana a 
westward extension very similar to that of Emberiza aureola', 
while the black redstart {Phoetticurus ochrurus) has more or less 
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paraUeied the serin, and the greater spotted woodpecker {Dryobates 
ttu^or) has within fifty years extended its British range from 
south of the Tweed to the northernmost woodlands in southern 


Caithness (Witherby and others, 1938-41, J. Fisher, 1940c). The 
last two cases are not cited by TimoftefE-Ressovsky. 

Meinertzhagen (1919) cites other cases, such as the shore- 
lark, Eremophila Jiava, which has not only expanded its breeding- 
range westwards, but about 1847 established a new migration 
route, in thb differing from other species which have extended 
their range in a similar way. He also mentions the crested lark, 
Galerida cristata, as an example of the same phenomenon on a 
more extended time-scale, and accompanied by subspeciation. 
The fulmar petrel {Fuhnarus g. glacialis) has shown a marked 
soutliem extension of range within the last sixty years along the 
coasts of Britain. The old supposition that the spread was initiated 
by a reduction of human depredations seems to be erroneous 
(J. Fisher, I940<i, b; Fisher and Waterston, 1941)- 
Among Lepidoptera, the moth Plusia moneta, first recorded in 
S. England in 1890, is now common there, and has reached 
Scotland (South, 1939). The comma butterfly, Polygonia c-album, 
hardly known in Britain outside Gloucestershire, Monmouth- 
shire, and Herefordshire before 1920, has since markedly extended 


its range E., S., and N. (numerous reports in The Entowohgist). 

It may be suggested that, whenever the effects of human 
interference can be shown not to have been operative, such 
range-changes will generally be the result of a changed ecological 
adaptation. The ranges of forms like the fulmar would be much 
restricted by the amchoration of climate since the last ice-age, 
and any genetic changes hi temperature-tolerance or nest-sitc 
selection which enabled the species to regain some of the lost 
ground would be subject to positive selection. The other species 
mentioned are extending into milder cHmates: here presumably 
a climatic preadaptation was already present, which changes in 
habitat-preference or nest-site selection have finally enabled the 
species to utiUzc. The matter is a complex one, however, and 
needs thorough investigation before we can conclude that the 
range-changes are the result of adaptive change. 
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It must not be forgotten that, in the long perspective, dynamic 
evolutionary trends are as important as are static interrelations 
at any given moment. The wonening of the climate at the end 
of the Mesozoic redticed the general adaptiveness of the dinosaurs, 
pterosaun, and other reptilian groups, while increasing that of 
die early mammals and birds. The recent glacial period enabled 
die cold-climate preadaptadon of many tetraploid plants to 
become dominant over the other adaptive features of the corre- 
sponding diploids in higher latitudes, leading to extensive spread 
of the former. The spread of man favoured that if organisms 
preadapted to be commensal or scmi-parasitic on himlor his crops, 
like house-sparrow, rat, house-martin, or “weeds” \in general. 

Adaptation is thus seen, not as a hard-and-fast caWgory, but 
as something relative. It is not an all-or-nothing phenomenon, 
but takes many forms and exists in all degrees. Like other bio- 
logical categories, it can only be properly understood by detailed 
and where possible quantitative analysis. Furthermore, the 
mistake must never be made of thinking of adaptational adjust- 
ment solely or primarily in relation to the physical environment: 
the biological environment is just as important. Li some cases 
plants are restricted to special habitats not because of special 
climatic adaptations but because they possess a wide range of toler- 
ance towards cUmatic conditions, with a low degree of what we 
may call biological or competitive vigour. Thus competition pre- 
vents their establishment in most habitats; only where their extra 
margin of tolerance removes them from the swamping effect 
of their biological competitors can they flourish. Salisbury (1929) 
cites various cases of this phenomenon. Thus Ranunculus parvi- 
Jlorus is in Britain restricted to very unfavourable habitats, e.g. 
dry shallow soil overlying rock. In cultivated ground (unmanured) 
it not only grows well, but much better than in nature, and 
produces ten to twenty times as many fruits. Again, the sorrel 
Rumex acetosa is notorious as a plant of acid soils. In cultivation, 
however, it shows an increased growth on limed soils, proving 
that its restricted distribution in nature is due to the competition 
of plants which arc less tolerant of acid conditions. 

Such examples “sufliciendy illustrate the fact that plants grow 
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not where they would, but rather where they must”. The same 
sort of thing is probably true of many plants characteristic of 
marginal conditions, c.g. alpine habitats (sec p. 274). 

In a letter (5. iv. 1940) Professor Salisbury has kindly furnished 
me with some further striking examples. One concerns the 
rosette plants of open grazing land. For instance, Senedo campestris 
and FilipenJula hexapetala “are confined, as wild plants, to our 
chalk pastures, but their vigorous growth in other types of soil, 
when they are protected from competition by cultivation, 
indicates that their restriction in nature is due to the competition 
factor”. The continual grazing prevents other plants from 
growing high enough to affect the rosette plants’ growth, whereas 
their peculiar growth-habit flattens their own leaves down in 
such a way that they cannot readily be eaten. 

Another example, involving quite different factors, is that of 
the hellebore (Hetleborus foetidus), which in Britain is almost 
entirely confined to ash woods on calcareous soils. Here again 
in cultivation this species grows and reproduces well in non- 
woodland and non-calcareous situations. Its peculiar restriction 
appears to be due to a combination of two factors. In the first 
place, it seems susceptible to competition, and any woodland 
habitat suppresses competitors which arc vcgetativcly active only 
in summer, whereas it, being evergreen, can assimilate also 
in winter. On the other hand, most woodlands are too shady 
in summer; but the unshaded phase of ashwoods, which lasts 
for seven months out of the twelve, is sufficient for the hellebore. 
As Salisbury (1929) well says, “dominance may be the conse- 
quence of unfavourable conditions acting by selective depression, 
or to favourable conditions acting as a selective stimulus, but in 
either case the dominance is determined by the relative vigour 
of the species and its competitors”. 

The perfection of adaptation is also correlated with the degree 
of competition and other forms of selection-pressure. We discuss 
this phenomenon more at length elsewhere (pp. 426, 469 scq.) of 
this chapter. Here we will merely recall the well-known fact 
that the intensity of life in the tropics is correlated with a greater 
prevalence and a greater perfection of various adaptations, of 
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which mimicry is perhaps the best studied. Similarly arboreal 
adaptations such as prehensile tails are most fully developed 
where the arboreal habitat is developed in most extreme fashion 
— ^in South America. Conversely, where selection-pressure is 
lower, adaptation tends to be less perfect. We have seen a small- 
scale example of this in the cichlid fish of African lakes (p. 324). 
A large-scale example is provided by the marsupials of the 
Australian region. Tree-kangaroos, for instance, show an adap- 
tation to arboreal life so incomplete that one cannot ims^ine 
dieir survival in the tropical forests of Malaya or Amazon. 
And in general, the Australian marsupials seem unable to com- 
pete successfully with introduced forms firom otner regions, 
whether predators or direct competitors. \ 

This brings us back to what has already been said aefiout adap- 
tation and function (p. 417). Adaptation, we there said, “is 
merely the problem of efficient function seen from a slightly 
different angle”. But it is a commonplace that all grades of 
efficiency of every function coexist in nature. The function of 
vision ranges from mere response to high light-intensities up to 
binocular colour-vision. Aquatic locomotion is at a low level 
in Amoeba, at a high pitch in a dolphin or ma^erel. Thus we 
find in nature, not merely every possible type of adaptation, 
but every grade within each type. Efficiency of function at its 
most general consists in all-round viability, and this is largely a 
matter of harmonious adjustment of parts and part-functions. 
Thus whereas specialized adapution may push its possessors 
close to the limits of biological possibility, extremes of all sorts 
will be discouTi^ed in what we may call generahzed adaptation. 
This is illustrated by the classical work of Bumpus (1899) who 
picked up a number of sparrows (Passer domesticus) found help- 
less in a storm, and compared those which died with those which 
revived. The survivors were in general more uniform, while 
those which died showed greater variability. What is possibly 
the result of a similar selection of a central type was found by 
Weldon (iS)Oi) and by Cesnola (isio?) in two types ofland-snail 
(but not in a second species of ClausiUa), The inner whorls of 
adult shells were found to be considerably less variable dian 
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young sheik of the same size, though the mean was the same. 
This appears to indicate selective eUmination of extreme types,* 

This is what we would expect on a selectionist view. Organ- 
isms arc selected, not on the basis of conformity to an ideal 
plan, not in relation to complete functional efficiency, but on tlie 
basis of survival. The forms that exist arc diose that have 
managed to survive; and survival may be and often is achieved 
by means of curiously makeshift devices. Not only that, but a 
high degree of adaptation in one character or function may be 
a measure of low efficiency in some other respect. It seems, for 
instance, to be no chance that the most ela^rate devices for 
cross-pollination occur in somewhat rare species of orchids; 
and Batesian mimicry can only develop in types which are much 
rarer than their modek. Again, speciahzation which brings 
success in one set of conditions may involve a loss of plasticity, 
and so be a real dkadvantage if conffitions change (see p. 377). 

Thus the study of adaptation seems destined to take a new 
turn. The first stage concerned itself with the fact of adaptation 
— ^is such-and-such character an adaptation, or is it not.? In the 
next stage biologists were interested in the mechanism of adap- 
tation — do adaptations arise through natural selection, by 
Lamarckian means, or in what other way .? To-day the emphasis 
is on the analysis of adaptation itself, and the bearing of that 
analysis on other branches of biology — ^how well-developed are 
the different types of adaptations shown by a particular organism, 
and what light does its particular adaptive complex throw on 
its ecology and on the direction and the strength of the selection 
to which it has been exposed ? The significance of adaptation can 
only be understood in relation to the total biology of the species. 

5. PREADAPTATION 

The subject of preadaptation demands a section to itself. By 
preadaptation (sometimes styled passive adaptation) we mean 

* The cridcisins of Robson and Richards (1936, p. 211 ) do not appear to be 
peftinent. If, as they suggest, the young shells are mote plastic, this should have 
been ttvealed in the inner whorls of old shells also. It is also difficult to sec why 
enviroiuncntal agencies sliould always reduce adult variability as compared 
withjuvenilc. 
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either that an existing species (or subspecies) is by its peculiarities 
predisposed to take advantage of a certain type of environment, 
or that a particular mutant or natural variety is from the outset 
adapted to particular conditions, whether those in which it 
originates, or others into which it might be thrown by chance. 
We may distinguish the two as constitutional and mutational 
preadaptation respectively. Let us take this latter category first. 
Lamoreux and Hutt (1939) find that White Leghorn fowls are 
markedly more resistant to vitamin B deficiency than other breeds, 
such as Rhode Island Reds or, still more, Barred( Plymouth 
Rocks. On normal diet, this characteristic is withoii any effect 
on survival, but on a somewhat deficient diet it could ^ decisive. 

A somewhat similar type of variation in a physiological (and 
therefore potentially adaptive) character is seen in thif response 
of the crop-sac of pigeons to the pituitary hormone known as 
prolactin (R. W. Bates, Riddle, and Lahr, 1939). Some breeds 
proved no less than eight times as responsive as others. Similarly, 
among plants different strains of the same species may differ 
markedly, e.g. in water-requirements. 

We have already drawn attention (p, 118) to the marked pre- 
adaptation of certain mutants in fowls to warm climates, a 
preadaptation which has been taken advantage of by man. Hutt 
(1938) has shown that other breeds show minor differences in 
genetic heat-resisting capacity, which could well serve as pre- 
adaptive features. 

An interesting case was found by Strohl and Kohler (1934) 
in the meal-moth Ephestia kiihniella. Here a mutation to brown 
colour, though accompanied by certain unfavourable properties 
— reduction in egg-number and length of life — ^also involved a 
markedly higher heat-tolerance. This differs from the thermal 
preadaptation of the cladoceran mutant previously described 
(p. 52) in the complex of chararters involved, one of them a 
visible colour-mutation. What appears to be an example of 
mutational preadaptation is the replacement of normal by 
melanic forms in various warm-blooded vertebrates in certain 
areas (p. 104). As pointed out, the dark forms appear to be 
preadapted to a moister and cooler climate. 
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Polyploidy in plants is frequently a thermal preadaptation, but 
ui this ease usually towards cold-resistance (p. 337). An excellent 
example of preadaptation in a hybrid is the rice-grass Spartina 
towiisettdii, which has proved better adapted than eidicr of its 
parent species to their own habitat of saline marsh and mud-fiats 
(p. 341). In general, it is clear that any form arising by a sudden 
large change, as by autopolyploidy, or still more by hybridiza- 
tion and allopolyploidy, must be preadapted in some way if it 
is to survive (p. 349). 

Another possible case of preadaptation, here as regards colora- 
tion, is that of the lapwing Lobipbma malabarica, which on a 
belt of brick-red soil along the Malabar coast lays highly cryptic 
red eggs in place of the “earthy-coloured” ones seen elsewhere 
(Baker, 1931). As suggested in Nature (February 13, 1932, p. 247), 
this may be due to local selection of types laying the erythrystic 
eggs found sporadically in so many species. However, the facts 
concerning egg-mimicry in cuckoos cannot be explained on the 
basis of preadaptation, and show that elaborate true adaptations 
may be brought about in egg-colour, so that further analysis 
of this case is required. 

Kalmus (i94i<i and b) finds that various body-colour mutations 
in Drosophila arc potential preadaptations to changes in humidity. 
Thus yellow flics arc less resistant to desiccation than wild-type, 
but ebony and black flies are more so. This appears to depend on 
the fact that darkening of the cuticle is associated with a taiming 
process which renders it less pervious (p. 433; Pryor, 1940), a fact 
probably to be connected with the frequency of black insects 
in deserts. 

It is of course true that many such preadapted and markedly 
distinct new forms are later modified by the selection of small 
gene-mutations; and it is equally obvious that even the most 
triflingly beneficial gene-mutation to be found in the consti- 
tution of a wild species, must in one sense have been preadapted 
at its first occurrence. But there is a real and important distinction 
between the two types of occurrence. For one thing, many 
(or most) gene-mutations appear to be of necessity carried mi 
in the recessive state until such time as they can be made part 
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of some especially favourable combination: when this is so, they 
were not preadapted as regards their original phenotypic effect. 
The truth, as so often in biology, is that a continuous series 
exists, but that the two ends of it are very distinct. In general, 
when the origin of a successful new form is due solely or mainly 
to a single large step (or at least to one that is readily perceived 
as large by the biologist) we speak of mutational preadaptotion, 
but when a new form arises by a series of small and in general 
imperceptible stages, we speak of adaptation in the accepted 
Darwinian sense. j 

We next come to constitutional preadaptation, \where the 
existing constitution of a stock predisposes it to cerMn modes 
of life rather than to others. Salisbury (1929) points out that 
annual plant species are preadapted to desert conditions'^ Another 
example is afforded by the adhesive digital pads or discs of 
various frogs, which are best developed in the arboreal tree- 
frogs, though also present in fully functional form in various 
non-arboreal types (Noble and Jaeckle, 1928). Adaptation to 
tree-life here seems to have been secured by enlarging these pre- 
extstit^ structures relatively to body-size.* Engels (1940) shows 
that the digging habit of the thrashers (Toxostoma) depends on 
pre-adaptive peculiarities of musculature — an interesting case of 
structure preceding function in birds. 

In other cases, the preadaptation is less immediate, an organ 
subserving one function being readily modified for another. 
The classical example is the evolution of the lungs of land verte- 
brates from the air-bladders of certain fish, but there are of 
course numerous other cases of Funktionswechsel which illustrate 
this long-range type of constitutional preadaptation. In all these, 
however, a great deal of adaptation in the ordinary sense is also 
necessary, so that it could be better to exclude them from the 
category of preadaptation proper, and style them predisposition. 

General predisposition is shown in the ease with which second- 
ary aquatic Hfe is resumed by terrestrial types. Terrestrial hfe 

* It is fidr to state that some authors would not exclude the hypothesis that 
the non-arboreal disc-possessing forms are secondarily derived from arboreal 
forms. 
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involves numerous progressive advances (Chap. lo, pp, 563-4) in 
general physiology: the possession of these predisposes such 
forms to be able to compete successfully with aquatic types in 
tlieir own environmoit. Predisposition in the endocrine field is 
found where an organism which lacks a certain hormone, yet 
contains tissues capable of responding to that hormone. An 
example is the response of bird oviducts to progesterone, which 
appean to be produced only by mammals (Riddle, Bates, and 
others, 1938). 

Returning to true constitutional preadaptation, we have die 
wcllr-wom example of fl^hdessness in the insects of small 
oceanic islands. Although very numerous groups may be repre- 
sented among them, a disproportionate number belong to groups 
which are not in general good fliers, or are characterized by 
reduced wings. Flightlessness is here thus the accentuation of a 
pre-existing tendency. We may here mention the interesting 
experimental results of L’H6ritier, Ncefs, and Teissier (1937) on 
vestigial, the wingless mutant of Drosophila. When a mixed 
population of winged (wild type) and functionally wingless 
(vestigial) individuals was reared in the open air in sudi a way 
that they were moderately exposed to the wind, the result after 
thirty-eight days was an increase in the percentage of homozy- 
gous vcstigials from 12-5 to 67 per cent, through the wind 
carrying away more of the winged flics. When the culture was 
transferred to a large room, the wind could no longer act as a 
selective agent, and in fifteen further days the percentage of 
pure vestigials was halved. 

A less familiar example is cited by Eigcnmann (1909), who 
maintains that modem fresh-water fish must have been recruited 
from ancestors preadapted to fresh-water existence by possessing 
non-pelagic types of eggs. But the locus classicus of discussion 
concerning preadaptation is the blind cave fauna. The out-and- 
out Darwinians believe that their sightlessness is due to selection 
gradually ridding the stock of useless organs, while some out- 
and-out preadaptionists have gone so far as to maintain that 
mutation^ blin^iess came first, and that the sightless type then 
found a favourable environment ready-made in caves. The 
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truth would appear to be between these two views. No proof 
has ever been given of full mutational preadaptation in this 
case, and it is in any event most unlikely. But it is a fact that 
the cave fauna is drawn preponderantly from types that normally 
shun Ught and therefore Uve in holes and comers. Such forms 
are constitutionally preadapted to enter caves, and will fre- 
quendy be visually under-equipped. Their later evolution will 
consist in their further adaptation to a completely cavemicolous 
existence, accompanied by further reduction of eyes. 

Thus Eigenmann (1909) points out that the fish fiuna of the 
Kentucky caves must have been sifted out by this t)^ of pre- 
adapution from a normal riverine fish fauna when a certaui 
stretch of river became subterranean. The types ^t were 
negatively heliotropic, nocturnal, or stereotropic remained sub- 
terranean, and then developed further adaptations to ^ave life; 
while other ecological types moved out into a connecting river 
which remained in the open. “The major adaptation to cave 
existence, the power of finding their food and mates without 
the use of Ught, they [the anceston of the existing cavc-fish] 
possessed before the formation of the caves, and it is responsible 
for their present habitat.” The same general view; with certain 
modifications, is taken by more recent workers in this field. 
Hubbs (1938), for instance, after presenting an analysis of the 
characters and relationship of the thirty-five or so known cavc- 
fish, concludes that this “confirms the theory that cave animals 
have arisen from species moderately preadapted to cave life”. 
To take an example, the “weak-eyed, long-barbcllcd, nocturnal 
catfislies” have given rise to an undue percentage of cave-fish. 

There is one notable exception to the general rule, namely 
the Mexican characid cave-fish, Anoptichthys jordani. Although 
this, as its name impUes, is blind, it must have been derived 
from a form very similar to Astyanax fasciatus, which is a large- 
eyed open-water form, without afiy obvious preadaptation to 
caves. Hubbs suggests that the lack of competition, as evidenced 
by tlie absence of other cave-fish in this region, facilitated its 
colonization of caves, sightlessness evolving later. 

Hubbs concludes by pointing out that preadaptation lias con- 



ADAPTATION AND SELECTION 


455 

stituted but the first step in the evolution of cavc-fishes; later 
changes, such as further degeneration of skin pigmentation and 
eyes, and further specialization of sensory barbels and die like, 
must have been produced by progressive adapution after the 
cave habit had been established. 

It may be pointed out that, in general, the preponderance of 
degenerative (joss) mutation will result in degeneration of an 
organ when it becomes useless and selection is accordingly no 
longer acting on it to keep it up to the mark (p. 476; Muller, 1939). 
In other cases, as in the hind limbs of Cetacea, degeneration 
may be actively promoted by selection, as the organ’s presence 
externally is disadvantageous (for vestiges, see Huxley, 1932). 

Thus, while normal Darwinian adaptation adjusts a species 
to a constant or a changing environment in situ, constitutional 
preadaptation acts as a preliminary siftbg device, restricting die 
inhabitants of specialized habitats in the main to forms with 
some definite predisposition to the peculiar mode of life involved. 
Mutational preadaptation is intermediate in the nature of its 
action, providing a preliminary sifting of lesser extent and 
shorter range. 

Some writers, e.g. O. E. White (1926), consider that a con- 
stitutional preadaptation towards cold-resistance has led to 
certain natural orders of plants being able to survive in higher 
latitudes when the uniform warm conditions of the earlier 
cenozoic later give place to a sharply-zoned climate, while other 
groups, not similarly preadapted, became restricted to the tropics. 
Among die former, he cites the willows (Salkaceac) and horse- 
tails (Equisetaceae), among the latter the palms (Palmaceac) and 
the Artocarpaceae. 

A somewhat different constitutional preadaptation to tempera- 
ture is found in Crustacea (Panikkar, 1940). The osmoregulatory 
mechanism of various marine Crustacea is such diat they are 
able to tolerate waters of low salinity much more readily at high 
than at low temperatures. This fact is reflected in the natural 
distribution of fresh- and brackish-water Crustacea, and very 
possibly of otlicr invertebrate groups. 

Goldschmidt in various of his writings (sec 1940, p. 390) has 
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suggested that preadaptation may play a rather different role by 
means of large mutations giving what he styles “hopeful mon- 
sters”, which then can serve as the starting-point for quite new 
evolutionary trends. As one example of where he thinks this 
must have occurred he cites the flatfishes, since he considers it 
impossible for their asymmetry to have arisen gradually. He 
then extends the principle to other less cogent cases. Mr. J. R. 
Norman, of the Britisli Museum (Natural History), however, 
tells me that there exist a few less extreme forms of flatfish, 
which must be similar to earlier evolutionary stag^, and that 
(here seems to be no reason s^ainst assuming a gradual evolution 
of the group from the beginning. Many fish occasionally rest on 
the bottom, some on their bellies, others on their sides)^ If benthic 
existence for any reason were advantageous, selection Would set 
in to improve the type in this respect — ^with the belly-resting 
forms by dorso-ventral flattening and lateral extension (as has 
happened in sharks and rays), with the sideways-resting forms 
by behavioural and structural asymmetry of the eyes and head. 

However, Goldschmidt goes further than this. In his latest 
book (1940) he maintains that there is a fundamental distinction 
between micro- and macro-evolution. The former, depending 
on gene mutation and recombination, may lead to subspccific 
and other diversification within the species, but cannot produce 
new species, or, a fortiori, higher categories. These come into 
being through macro-evolutionary change, which, according to 
him, demands a radical change in the primary chromosomal 
pattern or reaction-system. Such a change in reaction-system he 
calls a systemic mutation, thoi^h he states that it may have to be 
accomplished in several steps. Only after the repatteming has 
reached a certain threshold value does the new species-type 
emerge. He considers (1940, p. 207) that in some cases at least 
the initial stages arise only in the absence of selection-pressure 
against the heterozygote and under certain conditions of in- 
breeding. But once a new stable pattern, viable as a homozygote, 
is produced, “selection acts only upon the new system as a 
whole”. In other words, if it survives, it survives as a preadap- 
tation in viability. In other cases he considers that the early 
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steps, too, may be favoured by selection on account of viability 
effects on development, and that the change will be much quicker 
than any micro-evolutionary effect dependent on single genes; 
this process could be regarded as lialfway between normal 
adaptation and preadaptation. 

I do not propose to discuss these rather revolutionary views. 
What has been said elsewhere shows that 1 disagree with them 
in general. There is a great deal of evidence that gene-mutations 
are involved in specific differences, and that subspecies may evolve 
into full species. Many of Goldschmidt’s analogies between 
“monstrous” forms found in nature and large mutational steps 
observed in the laboratory (e.g. partial or total wing-rudimen- 
tation) are valueless until we know that the natural forms have 
arisen at a single bound; they may well be merely phcnotypically 
similar to the mutants, but be due to the accumubtion of small 
gene-mutations. Such accumulations may evolve into “gcnc- 
pattems” characteristic of species (Silow, 1941); and the asso- 
ciation of gene-mutations with sectional rearrangements may 
produce relatively large effects (p. 93): but these are not systemic 
changes. When he states that the evolution of the Drepmididae 
(see p. 325) “by a series of micromutations controlled by selection 
is simply unimaginable”, one can only reply that his imagina- 
tion differs from that of many other biologists. He righdy 
insists on the importance for evolution of mutations with conse- 
quential developmental effects (p. 525); but these arc pre- 
sumably gene-mutations (see also Waddington, 1941b). 

However, even if we dismiss Goldschmidt’s views as unproven 
or unnecessary, preadaptation of various kinds has clearly played 
a not inconsiderable role in evolution. 


6. THE ORIGIN OF ADAPTATIONS: THE INADEQUACY 
OF LAMARCKISM 

How has adaptation been brought about? Modem science must 
rule out special creation or divine guidance. It camiot well avoid 
frowning upon entelcchics and purposive vital urges. Bergson’s 
elan vital can serve as a symbolic description of the thrust of life 
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dturing its evolution, but not as a scientific explanation. To read 
L’Evolution Criatke is to realize that Bergson was a writer of 
great vision but with litde biological understanding, a good poet 
but a bad scientist. To say that an adaptive trend towards a par- 
ticular specialization or towards all-roimd biological efiSdency 
is explained by an ilan vital is like saying that the movement 
of a railway train is “explained” by an ilan locmotif of the 
engine. Molide poured ri^cule on the similar pseudo-explana- 
tions in vogue in the offidal medical thought of his day. 

Modem biology, taken by and large, also repudiates lamarck- 
ism. I need not refer to the lamarckian views of literary men 
such as Samuel Butler and Bernard Shaw. They are based not 
on scientific fact and method, but upon wish-fulfilment. Shaw, 
in his preface to Back to Methuselah, says in effect thatne dislikes 
the idea of a blind mechanism such as Natural Selection under- 
lying evolutionary change — ergo, such a blind mechanism cannot 
(I had almost written “must not!”) be operative. Pace Mr. Shaw, 
this reasoning does not commend itself to scientists. One of the 
main achievements of sdence has been to reveal that the facts of 
nature frequently fail to accord either with the wishes or with 
the apparendy logical preconceptions of human bejngs. Per contra, 
we may remind ourselves that, as was pointed out nearly half a 
century ago by Ray Lankestcr (summarized by Poulton, 1937), 
lamarckism is self-contradictory, since it maintains that “a past 
of indefinite duration is powerless to control the present, while 
the brief history of the present can readily control the future”. 

Nor need I go in detail through the wearisome discussion of 
the various scientific “proofs” of lamarckian inheritance that 
have been advanced. I would merely say that subsequent work 
has either disproved or failed to confirm the great majority of 
them. An unfortunate suspicion rests on Kammerer’s work, and 
his results on salamanders have not been confirmed by Herbst 
(1924). Heslop Harrison’s adaptive induction of melanic muta- 
tions in moths could not be re-obtained by McKenny Hughes 
(1932) or by Thomsen and Lemcke (1933). Repetition of Guyer’s 
work on induced inheritance of immunity by other investigators 
has yielded entirely negative results (Huxley and Carr-Saunders, 



ADAPTATION AND SELECTION 


459 


T924). Pavlov himself withdrew his claim to have demonstrated 
tlic inheritance of experience in mice. Recently Crew (1936) 
has repeated the elaborate researches of McDougall on the 
hereditary transmission of the effects of training in rats: his 
results entirely contradict McDougall’s lamarckian claims, and he 
is inclined to ascribe the discrepancy to an insufficiency of controls 
and an inadequate attention to genetic method on McDougall’s part. 

Other work, such as that of Heslop Harrison on the feeding 
habits of insects, is capable of alternative explanation, and is 
therefore not crucial. Indeed, the researches of Thorpe (see 
p. 303) liavc made the alternative explanation the more likely, 
by demonstrating the role of larval conditioning to food in 
determining the egg-laying reactions of the adults. The researches 
of Diirken (1923) on the colours of butterfly pupae arc also 
capable of alternative explanations, here in terms of unconscious 
selection of predispositions, and/or of Dauermodifikationen. 

There remain one or two results, such as that of Mctalnikov 
(1924) on immunity in waxmoths, and of Sladdcn and Hewer 
{1938) on food-preferences in stick insects which seem prima facie 
to demand a lamarckian explanation (but seep. 303 n.). However, 
in view of the fate of other claims, and of the theoretical diffi- 
culties we shall discuss below, too much weight must not be 
attached to such bolated cases. 

Nor need we pay attention to the view advanced by certain 
lamarckians, that the inherited effects of function or environ- 
mental modification arc so slight that they cannot be detected 
cxpcriincntally but require cumulative action through thousands 
of generations to become obvious. Exceedingly minute differ- . 
cnccs can be detected by proper technique. The total failure of 
sixty-nine generations of ^usc to affect the eyes or the photo- 
tropic responses of Drosophila, as shown by Payne (1911), is a good 
example of the failure of disuse to produce lamarckian effects. 

To plead the impossibility of detection is a counsel of despair. 

It is also imscicntific: the only scientific procedure would be to 
refine technical methods until the postulated effects were capable 
of detection. The experiment has nothing impossible about it 
with purc-bred stocks and in a rapidly-breeding species. 
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It is, however, necessary to realize that important indirect 
objections can be made to any lamarckian view. In the first 
place there is the fact of mendelian recessivity. A recessive char- 
acter can be rendered latent indefinitely by keeping the gene 
concerned in the heterozygous condition; yet when the recessive 
gene is allowed to unite with another like itself, the resultant 
character is identical with that of pure-bred recessives in which 
it has been manifested, and therefore exposed to environmental 
stimuli, throughout. 

An equally fundamental difficulty concerns all thhse almost 
innumerable cases in which the two sexes differ in adaptive 
characters of structure or behaviour. For we know With cer- 
tainty that the genetic constitution, in the shape of the\ chromo- 
somes, is distributed irrespective of sex. The chromoso'^ies of a 
sire will be distributed among his descendants of the second and 
later generations according to the laws of chance, in a purely 
random way, and equally among his male and female descendants 
(a quantitative exception, but one irrelevant to our present 
purpose, is provided by the distribution of the sex-chromosomes). 
What lamarckian mechanism could ensure that the hereditary 
effects of fimetions confined to males are transmitted to male 
descendants only.? The situation can just possibly be saved by 
subsidiary hypotheses, but only at the cost of much superfluous 
complexity, as the geocentric hypothesis was formally saved by 
the doctrine of epicycles. 

Apart from this, we find numerous cases where lamarckian 
inheritance, even if it e xis ted elsewhere, must be either impos- 
sible or exceedingly restricted. Let us first take the case of the 
higher mammals. These have their internal environment regu- 
lated to an extraordinary degree of constancy. The temperature 
of the blood and to a still higher degree its salt composition and 
its acidity, arc kept constant by elaborate special mechanisms. 
The reproductive cells, like all other cells in the body, are exposed 
to the internal environment supplied by the blood-stream. How 
then can changes in the external environment be transmitted to 
them.? The regulation of the internal environment provides an 
effective shock-absorber for all the more obvious alterations 



ADAPTATION AND SELECTION 461 

which could occur in the external environment. Yet higher 
mammals have evolved as rapidly and in as obviously adaptive 
ways as any lower types in which this buffering does not exist. 

The social Hymenoptera provide another natural experiment 
of great interest. In them, as is well known, the bulk of the work 
of the colonies is carried on by neuter females, while repro- 
duction is entrusted to the much less abundant full females and 
the males. How is it possible on any lamarckian view to discover 
a mechanism by which the special instincts and structures of the 
workers have been evolved They cannot transmit them in 
reproduction, for they do not reproduce; and the males and 
females do not practise the instincts nor possess the structures. 
Attempts have been made to obviate the difficulty by pointing 
to the fact that occasionally neuter females will by unfertilized 
eggs, so producing males. If, however, such occasional abnor- 
malities of reproduction suffice to generate the elaborate special 
characters of neuter ants and bees, then lamarckian transmission 
operating through normal reproductive channels should have 
such strong effects as to be detectable by the crudest experiment; 
and this is certainly not the case. 

Insects, indeed, provide a number of hard nuts for bmarckian 
cracking. All higher insects emerge from the pupa into an adult 
or imago stage, during which they never moult, and so are 
incapable either of total or local growth (save by mechanical 
stretching of membranous parts of the exoskelcton), or of 
alteration in the form of hard parts. Here again it seems aU but 
impossible to imagine any mechanism by which any modifi- 
cation involving structural change in hard parts could be trans- 
mitted. Indeed, such modifications cannot very well be pro- 
duced at all in the individual: thus the only lamarckbn mechanism 
conceivable is one by which a tendency or an attempt to alter 
the stnlrture of hard parts would have its first visible effects in 
the next or later generations! Yet adaptations of hard parts arc 
striking in insects. 

A very similar objection applies to mammaUan teeth. These, 
as is well known, c?^bit remarkable adaptations to the type of 
food on which they are normally used. Yet the only cficct of 
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use upon them is mechanical abrasion, tending to wear away 
the structure which has been built up in the plastic stage when 
the tooth is not used at all. 

The origin of the general cryptic resemblance of animals to 
the prevailing colour of their habitats, whether desert, open sea, 
green foliage, tundra, or snow, has often been ascribed to a 
direct effect of the environment. If this rather vague statement 
means anything, it must imply that the characters in question 
are either pore modifications, or have been genetically induced 
by some form of lamarckism. Granted that there exist, notably 
in insects, some cases of modification, wc can now safely assert 
that most of these characters are genetic. Some of th^ in dieir 
turn may be merely correlated with physiological aaaptations; 
but there are some examples where we can show than selection 
in favour of cryptic resemblance must have been the agency 
at work. 

In an earUer chapter wc mentioned the case of dark subspecies 
of Peromyscus inhabiting local lava-flows. Precisely similar 
examples are known in birds, e.g. in the desert lark, Ammomanes 
deserti, of which the darkest and the palest subspecies live close 
together in North Arabia, the one on black lava-desert, the other 
on pale sand-deserts. This is cited by Meinertzhagen (1934), who 
makes the pertinent comment that such cases of protective 
resemblance to soil are largely confined to ground-loving birds. 
Thus in the black Ahaggar desert, the Ammomanes are very dark, 
while the local babbler {Argya fulms huchanani) is even paler 
than on the sand of the Sahara — presumably in relation to cUmate. 
An even more striking case has recently been described for other 
mice of another genus, Perognathus (J. E. Hill. 1939). In a valley 
of southern New Mexico a black lava area of between 100 and 
200 square miles exists quite close to an area of gleaming white 
gypsum. P. intermedius exists on the lava beds in an almost black 
form, while the representatives ofP. apache on the gypsum area 
are nearly white. Both species have normal “mouse-coloured” 
forms on neighbouring rocky ar^as. Other mammals, reptiles, 
and insects from the two special areas show corresponding but 
less extreme colour modifications. Here again no climatic or 
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Other influences capable of bringing about the colour-differences 
can be detected, and we are driven to condude that die colour 
is a protective adaptation originated by selection. If selection 
can be eflective in such cases, there is no reason to postulate any 
lamarckian effect for any examples of general cryptic resemblance. 

Hovanitz (1940) dtes a similar and very striking case from 
the butterfly Ocneis chryxus, which in the Sierra Nevada exists 
in two sharply-contrasted dark and pale subspedes or forms, 
restricted to dark volcanic and pale granitic rocks respectively, 
the two pure forms connected by dines extending over 10 to 
40 miles, where the rock-types are intermingled. Dark rock 
outcrops in the granitic area below a certain size are inhabited 
by light forms, being apparently too small to support a dark 
population that can maintain itself agdnst swamping by crossing. 
Hovanitz is forced to the view that the two forms owe their 
origin or at least their maintenance to selection, but rejects the 
idea that this is exercised viS predators in relation to concealing 
coloration. His objections may be profitably analysed. In the 
first place, since the upper surface resembles the environmental 
bad^ound much more closely than the lower, he states diat 
visual selection by predators could only occur when the upper 
surface is exposed, namely, in flight. However, his own photo- 
graphs show a certain degree of difference in the lower surface. 
Secondly, he states that when not in flight, they rest in “relative 
darkness’’ between rocks, among herbage, etc., “where colour 
is of no value’’. This last statement is a mere assertion, as no 
evidence is given as to possible predators in such situations. (In 
other habitats, Lepidoptera are frequently captured when at rest.) 
Finally, he states that almost the only possible predators arc 
two species of birds which only occasionally take insects, and 
therefore cannot act selectively. In the first place, because his 
search for predators has not been successful, that is no reason for 
concluding that they do not exist. Cases must indeed be rare 
where a small butterfly has no enemies. But further, he appears 
to disregard the quantitative findings of students of the mathe- 
matics of selection, such as Haldane (x932<>) and R. A. Fisher 
(1930a). A I per cent advantage — ^i.c. the average survival of 
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101 members of one form as against lop of another — ^would be 
almost impossible to detect, yet it would promote an evolu- 
tionary change of considerable rapidity, markedly modifying 
the stock within a few hundred generations (p. 36). 

Hovanitz also makes the general objection to the theory of 
protective coloration that “the animals getting along best in 
nature arc those which arc not ‘protected’ ” — a fallacy so .hoary 
that it hardly needs serious discussion (but sec the general ana- 
lysis, pp. 466 scq. ; and on hypertely, p. 484). Most naturalists will 
prefer to regard such a case as this as prima facie one oflconcealing 
coloration until definite evidence to the contrary is produced. 

Finally we may mention various special exampla of pro- 
tective resemblance and mimicry. The resemblance of certain 
moths to birds’ droppings or of a stick insect to a sti^ cannot 
very well be put down to the inheritance of environmental 
modifications or the effects of use! In mimicry, the resemblance 
of model to mimic is often achieved by way of a trick — z similar 
effect is produced by quite a different mechanism. The “painting 
in” of a waist on various beetles or bug mimics of ants is a good 
example: numerous others may be found in Carpenter’s httle 
book on mimicry (Carpenter and Ford, 1933), of in the more 
general work of Cott (1940). 

These are some of the most striking cases in which a lamarckian 
explanation cannot, it seems, apply. We have already seen (p. 38), 
that, merely from the standpoint of logic and theory, most 
adaptations or functional evolutionary changes could be inter- 
preted equally readily on the basis of indirect control by selec- 
tion as on that of direct control by environment and use. We 
are therefore driven to ask why, when numerous adaptations 
like those just cited are shown to be incapable of lamarckian 
explanation, we should postulate lamarckism to account for 
the others, which are no different adaptations. To do so 
would be to sin against the economy of hypothesis and detnand 
the appheation of William of Occam’s razor. 

Thus we are driven back on to direct experimental proof, 
and that, as we have already set-forth, is meagre and confusing. 
It is for these reasons that the majority of biologists, including 
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the very great majority of those who have experience of 
actual genetic work, repudiate lamarckism, or, at best, assign 
to it a subsidiary and unimportant role in evolution. Even if 
lamarckism be operative at all, it seems clear that some other 
mechanism must be invoked to account for the major part of 
evolution. 

Most biologists also look askance at orthogenesis, in its strict 
sense, as implying an inevitable grinding out of results pre- 
determined by some internal germinal clockwork. This is too 
much akin to vitalism and mysticism for their liking: it removes 
evolution out of the field of analysablc phenomena; and it, too, 
goes contrary to Occam’s razor in introducing a new and un- 
explained mechanism when known agencies would suffice. 
Furthermore, as R. A. Fisher has cogently pointed out, the 
implications of orthogenesis, like those of lamarckism, run 
directly counter to the observed fact that the great majority of 
mutations are deleterious. In any event, as we shall see in a later 
chapter (p. 506), the cases in which a true orthogenetic hypo- 
thesis is demanded in preference to a selectionist one are very 
few, and even in these few it may turn out that it is our ignorance 
which is responsible for the lack of alternative explanations. As 
set forth elsewhere (p. 516), numerous cases exist where evolu- 
tionary potentiality is restricted; but these are quite distinct 
from orthogenesis in the strict sense of a primary directive 
agency in evolution. 

Selection- itself often produces an apparent orthogenetic effect. 
This was realized by H. W. Bates over three-quarters of a century 
ago in his classical paper on mimicry (i86a), where he wrote 
“the operation of selective agents gradually and steadily bringing 
about the deceptive resemblance of a species to some other 
definite object, produces the impression of their being some 
innate principle in species which causes an advance of organiza- 
tion in a special direction. It seems as though the proper variation 
always arose in the species, and the mimicry were a predestined 
goal’’. However, these and the similar examples drawn from 
paleontology (pp. 416, 515; 494) on analysis turn out to be much 
better explicable on selectionist principles. Just as the apparent 
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purpose of adaptation is only a pseudo-teleology, so its apparent 
inner direction is only a pseudo-orthogenesis. 

7. THE ORIGIN OP ADAPTATIONS: NATURAL SELECTION 

There remains natural selection. Before discussing some concrete 
examples of selection at work to produce adaptation and of 
adaptations illustrating the work of natural selection, a few 
general points deserve to be made. In the first place there is the 
aged yet apparently perennial fallacy that such-anp-such an 
arrangement cannot be adaptive, since related organisms can 
and do exist without it. This is, quite frankly, nonsense. It is on 
a par with saying that electric refrigerators are not useful, because 
many people, even among those who can afford the\|expense, 
manage to get on happily without them, or even that alphabets 
and wheeled vehicles arc useless luxuries or accidents because 
the negro and other human stocks never invented them. 

There are in fact numerous possible explanations of such a 
state of affairs. It may be that mutations in that direction did not 
crop up, or were not available before mutations in some other 
direction set the stock specializing along other lines; it may be 
that there are differences in the genetic make-up or the environ- 
ment of the two forms, as yet undetected by us, which make 
such an adaptation less advantageous to one than to the other. 

All that natural selection can ensure is survival. It does not 
ensure progress, or maximum advantage, or any other ideal 
state of affairs. Its results, in point of fact, are closely akin to 
those of commercial business. In business, what gets across — 
i.e. is sold — is what can be sold at a profit, not by any mesms 
necessarily what is best fitted to meet the real needs' of indivi- 
duals or of the community. The reason for the failure of a 
commodity to be sold may be lack of purchasing power in the 
community as much as poor quality, or lack of penuasive (and 
not necessarily truthful) advertising as much as inefficient pro- 
duction methods. 

In the same way a species or a type may survive by deceiving 
its et)cmics with a fraudulent imitation of a nauseous form just 
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as well as by some improvemait in digestion or reproduction, 
by degenerate and destructive parasitism as much as by increased 
intel%ence. There still exist those who, even while rejecting 
the view of Palcy and his school that adaptation is a proof of 
divine design, continue to approach evolution in a radicr rever- 
ential attitude and to attach some sort of moral flavour to natural 
selection. They should be reminded of adaptations such as those 
by which the ant-parasite Lmechusa obtains its food, or the 
orchid Cryptostilis ensures its reproduction. Lotnechusa produces 
a substance which the ants so dote upon that they not only feed 
the adult beetle in return, but allow its grub to devour their 
own larvae — a sacriflee to a gin-producing moloch (Wheeler, 
1910); Cryptostilis practises an ingenious variety of prostitution: 
by resembling the females of a fly both in form and in odour, 
it induces the males to attempt copulation with its flowers, thus 
securing its own pollination (Coleman, 1927). 

We should finally remember that the incidence of selection 
is different for rare and for abundant species, and that an adap- 
tation forcibly promoted by intraspecific selection in an abundant 
species might have Htde or no biological value when worked 
upon by intenpecific selection in its rarer relatives. 

It is another fallacy to imagine that because the m^or chmina- 
tion of individuals occurs, say, in early life, that therefore selection 
cannot act with any intensity on a phase of minimum numbers, 
say the adult stage. It has, for instance, been argued that because 
the main elimination of butterflies takes place by parasitization 
or enemy attack during the larval stage, therefore elimination 
of the imagines by birds or other enemies can have no appreciable 
selective effect, and therefore any protective or warning or 
mimetic colouring which they exhibit cannot have any adaptive 
significance. But selection need not act witli equal intensity at 
all stages of the life-cycle: even if it should be more intense in 
early Ufe (and much early mortaUty appears to be accidental), 
it could still produce effects on adult characters (sec A. J. Nichol- 
son, 1927). 

The same argument applies to adaptive colouring shown in 
the larval stage. Even if dus has no effect in protecting the larvae 
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from parasitization, it will have selective value if it protects 
from attack by other enemies. Granted that on the average 
90 per cent of larvae will in any case succumb to parasites, selec- 
tion can clearly act in other ways on the remaining 10 per cent, 
just because they are the survivon. In general, selection may 
promote highly specialized adaptations not only in any particular 
organ or function, but at any particular phase of the life-history. 
The elaborate pelvic specializations of many invertebrate larvae 
at once come , to mind, or the adaptations of seeds. Salisbury 
(1929) cites an interesting case of juvenile adaptation: most 
plant species, eVen if lightrdemanding forms, show greater shade- 
tolerance in early life, which militates against supprmsion by 
shading in the crowded conditions soon after germination. 

However, as Professor Salisbury points out in a letter, since 
the adult phase follows the juvenile in time, many adult charac- 
ters may well be non-selective tjua adult characten, but merely 
consequential results of juvenile adaptations. Some cases of this 
sort are discussed later (p. 525). 

It is, after all, the adults which reproduce, and a i per cent 
advantage of one adult type over another will have precisely 
the same selective effect whether the adults represent ten, one, 
or one-tenth of i per cent of the number of fertilized eggs 
originally produced. The same appUcs to those plants in which 
the main elimination occurs during the seedling stage. Selection, 
in fact, can and does operate equally cflFcctively at any stage of 
the life-cycle, though it will operate in entirely different ways 
at one time and another. Further, eUmination is far from being 
the only tool with which selection operates. Differential fertility 
of the survivors is also important, and in man and many plants 
is probably the more influential. 

There is fmally the experimental demonstration of selection. 
We have referred to this on p. 120; see also p. 414 for the summary 
of such work on adaptive colorafion given by Cott (1940). 
Here we may cite a further piece of work. 

Popham (1941) has made a careful investigation of the bif>- 
logical significance of the variation in colour (measured in terms 
of shade of grey) in various water-boatmen (Corixidae). Tlic 
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animals tend to resemble the backgrounds of the ponds where 
they are found. This is due partly to habitat-selection: animals 
confined in surroundings markedly different in background from 
their own shade become restless and leave to seek other waters. 
Secondly, it is due to developmental colour-adaptation, the 
nymphal and adult shade approximating to that of the sur- 
roundings in which they have Uved in the previous instar (though 
during a given instar there is no power of colour-adjustment). 
And finally, it is due to selection, predators (rudd, Scardinius 
erythrophthalmus, were used) taking a heavier toll of “unpro- 
tected” animals, i.c. those which arc least like their back- 
grounds. 

In regard to selection, a tiumber of interesting results were 
obtained. For one thing, two fairly similar colour-varieties for 
which there was marked differential predation when one of 
them closely resembled the background, were equally attacked 
when the background was markedly different from both. It is 
thus, as would be expected, the relative difference of the two 
forms from the background, not the absolute difference between 
them, which acts selectively. Again as expected, a decrease in 
the population-density of the prey increased the advantage of 
the protected form. This of course implies a self-regulatory 
mechanism as regards predator-prey balance, protection con- 
ferring maximum benefit when most necessary to the species. 
A decrease in the predators’ population-density also increased 
the selective advantage of protective colour, presumably on the 
purely mathematical basis of a reduction in the number of 
encounters. 

Quantitatively, the selection in certain circumstances was very 
intense. E.g. in one experiment, in which there were employed 
equal numbers of insects of the same shade as the background 
(“protected”) and differii^ from it by one colour-standard 
(“unprotected’’), the relevant results were as follows: 


Insects eaten 

Unprotected Protected 

per cent per cent 

75-5 24-5 


Selective advantage 
(Protected Un[>rotected) 

3'08 
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In another set of experiments, three types of insixts were 
used, differing from each other by one colour-standard, and used 
against backgrounds of various standards. The results show the 
variation in intensity of selection with change in the relative 
difference of coloration between insects and background. 


Per cent eaten of insects, Selective advantage 

of colour-standards: — 


Differences 

backgroun 

colour-standard 

X 

from 
d (in 
units) 

(x-f I 

) (x + zj + 

^ ' X X (x + l) 

4 , 5.6 

34 

33 

33 All approxima^ly equal 

3 , 4 . 5 

28 

36 

36 1*29 I‘29\ I-OO 

2, 3.4 

27 

32 

41 1*19 r’32 \ i’28 

I. 2 , 3 

II 

36 

53 3-27 4-82 \ 1-47 


A further set of experiments was carried out with species of 
water-boatmen of different sizes. It was found that the predator 
used, the rudd, is almost entirely restricted to those of a certain 
intermediate size. Large forms were difficult to capture (14 per 
cent taken as against 86 per cent of a medium-sized species) 
while small species were apparently not noticed at all. This 
illustrates the point made on p. 280, that a predator must be 
adapted to its prey in size as in other respects. 

Selective advantage is here, in certain conditions, very large. 
But we must remember that an advantage which it would be 
extremely difficult to demonstrate experimentally, say of 1 per 
cent, would have an effect which, biologically speaking, would 
be rapid (sec p. 56). 

Various cases where a selective balance is involved show as 
forcibly as any laboratory experiment the strength of selection- 
pressure. We have referred to some of these in the section on 
polymorphism (p. y6). The best of ail (see p. 93), is probably 
that of industrial melanism. Ford "(19406) has recently shown 
that in unfavourable conditions (feeding only on alternate days) 
the dominant melanic form of the moth Boamia repandata has 
a selective advantage of nearly 2 to i (52 blacks : 31 normals 
surviving to the imago stage where cquaUty was expected). 
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Even where optimum food-conditions were provided, the ratio 
was loi : 91. Yet in spite of this enormous constitutional advan- 
tage of the melanics, the selective advantage conferred by cryptic 
colouring on the non-melanics has prevented their replacement 
by melanics in all non-industrial areas. Mr. Ford informs me that 
in another case (not yet fully analysed), the melanic form is more 
cold-resistant. Yet it has not managed to oust the cryptic form, 
even in the extreme north of Scodand, fat to the north of the 
industrial regions where it has become the type. 

An elaborate and large-scale demonstration of selection in 
action has been given by the work of Quayle (1938) on die 
gradual development, by various scale-insect pests of citrus 
fruits, of a high degree of genedc resistance to the hydrocyanic 
acid used to try to kill them. As long ago as 1914 Quaylc’s 
attention was drawn to the unsatisfactory results from tent 
fumigation of lemon trees against red scale {Aonidiella aurantii) 
in the Corona district of California. In most locaUties it was not 
then necessary to repeat fumigation for two, three, or even four 
years. At Corona, however, neither increased dosage nor repeti- 
tion of fumigation every year or even every six months was 
effective. 

Controlled experiments were later carried out in which the 
scales from di&rent areas were grovm on the same tree and 
exposed to different concentrations of gas in the same chamber. 
The results showed that whereas in insects from many localities 
the normal dosage was reasonably effective, and no scales sur- 
vived a 50 per cent increase of dosage, in those from the resistant 
areas, about five times as many survived normal dosage and 
almost as many survived the increased dosage as survived the 
normal one in the case of non-resistant strains. 

In 1915 evidence turned up of a resistant local strain of the 
black scale (Saissetia oleae), and since then the area of resistance 
has spread and the degree of resistance has been increased. In 
1925 a resistant strain of the citricola scale. Coccus pseudotnaguo- 
liarum, was first observed. Prior to this date, fumigators had 
guaranteed their work with this pest and offered a second fumi- 
gation free if the first proved unsatisfactory. In the next few 
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years, the area of resistance spread rapidly, and the highest 
dosages compatible with the health of the trees failed to give 
satisfactory results, with the result that fumigation could not be 
guaranteed, and was eventually abandoned in favour of spraying. 
Controlled experiments showed that a dose four times the 
“danger dose” for trees was needed to kill all the resistant insects. 
In another experiment all insects of a non-resistant str^ were 
killed by sixty minutes’ exposure to 0.05 per cent HCN. But 
after sixty minutes’ exposure to a sixfold increase of gas (o. 3 
per cent), many insects of a resistant strain were ahve and a few 
survived ninety minutes. In general the resistant strain, in con- 
centrations which killed 60 to 100 per cent on non-resistant 
strains, proved from two to four times more resistWt. 

Scale insects arc not the only forms to show this phenomenon. 
Hough (e.g. 1934) experimentally proved not only that strains 
of codling moth (Cydia potnonella) from different areas differ 
markedly in the capacity of their larvae to enter apples sprayed 
with lead arsenate, but that, when the strain is raised on freshly 
sprayed fruit in the laboratory, the percentage of larvae capable 
of this increases from generation to generation. 

Resistance in red scale is genetic (see Dickson, 1941) and it 
remain unaltered after many generations in the laboratory. An 
interesting fact is that the resistant strain of red scale has shown 
itself more resistant to various other toxic substances, to which 
it has not been exposed in the orchards, e.g. to the fumigants 
methyl bromide and ethylene oxide, and to oil sprays. It is 
also probable that it shows greater abUity to withstand desicca- 
tion. Thus its newly evolved resistance appears to be a general 
rather than a specific one: the same is true of tlie codling moth. 

Quayle concludes that the resistant strains have developed 
locally, as a result of intense selection due to the fumigation 
methods in vogue. When, as appears usual, they have developed 
earlier in some localities than in 'others, this is presumably due to 
the availability of aaual or potential variance of the right type, 
or of new mutations in the right direction. In all cases the area 
inhabited by resistant strains has rapidly increased. Quayle gives 
reasons for thinking that this is in the main due to the rapid 
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spread of local resistant types, as soon as these are available 
through muution or recombination, rather than to immigration 
of the resistant forms from the localities where they first appeared. 
Quaylc further points out that the standard fumigation dosi^ 
in California, in non-resistant as well as resistant areas, is now 
much higher than originally. “The schedules have been revised 
several times and always upwards. It is interesting to note that 
in Australia, South Africa, and Palestine, countries much younger 
than California in fiunigation practice, the dosage used against 
the same insect is much lower than in CaUfomia.” 

This large-scale experiment with its laboratory controls is of 
great interest in showing that intense selection may be very 
elective in bringing about important changes, and in giving 
indications as to the rate at which the process can operate. 

As regards the intensity of selection operating in nature, 
R. A. Fisher (1939) has been able to calculate the selection 
operating against {a) homozygosity as against heterozygosity of 
the various single dominants giving the numerous colour-patterns 
other than the normal or basic one, {b) combinations of two of 
these dominants, in the grasshopper Paratettix texmius (cf. p. 99). 

The selection against homozygous single dominants varies 
from about a 7 per cent to a 14 per cent disadvantage, while the 
ehmination of double dominants is estimated to be not less than 
40 per cent in each generation. This Fisher considers points to 
“powerful and variable ecological causes of ehmination”, whereas 
the selection in favour of single-gene heterozygotes is probably 
to be accounted for solely in terms of viabiUty differences. 

In any case, if we repudiate creationism, divine or vitalistic 
guidance, and the extremer forms of orthogenesis, as originators 
of adaptation, we must (unless we confess total ignorance and 
abandon for the time any attempts at explanation) invoke natural 
selection — or at any rate must do so whenever an adaptive 
structure obviously involves a number of separate characters, 
and therefore demands a number of separate steps for its origin. 
A onc-character, single-step adaptatitm might clearly be the 
result of mutation; once the mutation had taken place, it would 
be preserved by natural selection, but selection would have 
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played no part in its origin. But when two or more step are 
necessary, it becomes inconceivable that they shall have origi ated 
simultaneously. The first mutation must have been spread throi^h 
the population by selection before the second could be combined 
with it, the combination of the first two in turn selected before 
the third could be added, and so on with each successive step. 
The improbability of an origin in which selection has not played 
a part becomes larger with each new step. 

Most adaptations clearly involve many separate steps or 
characters: one need only think of the detailed retemblancc of 
a close mimic to its model, the flying qualities of al bird’s wing, 
the streamlining of secondary aquatics like ichmyosaurs or 
whales. When we can study actual adaptive evolution with the 
aid of fossils, as with the hooves of horses or the molar teeth of 
elephants, we find that it is steadily directional over tens of 
millions of years, and must therefore have involved a very large 
number of steps. The improbability is therefore enormous that 
such progressive adaptations can have arisen without the opera- 
tion of some agency which can gradually accumulate and com- 
bine a number of contributory changes: and natural selection 
is the only such agency that we know. In such ca^s it is especially 
evident that what is selected is not a particular gene, but a whole 
complex of genes in regard to their combined interacting eflect 
(sec Sewall Wright, 1939, who has an interesting discussion of 
the systems of mating, breeding, and selection best suited to 
obtaining results with various types of genes and gene-combina- 
tions affecting a given character). 

R. A. Fisher has aptly said that natural selection is a mechanism 
for generating a h^h degree of improbability. This is in a sense 
a paradox, since in nature adaptations are the rule, and therefore 
probable. But the phrase expresses epigrammatically the important 
fact that namral selection achieves its results by giving prob- 
abihty to otherwise highly improbable combinations — and “in 
the teeth of a storm of adverse mutatioiu” (R. A. Fisher, 1932). 

This is an important principle, not only for the conclusion that 
adaptations as seen in nature demand natural selection to explain 
their origin, but also for its bearing on the “argument from 
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improbability”, used by many anti-Darwinians against Dar- 
winism in general. Bergson has employed this wiA regard to 
the origin of the eye. Haldane (ipsaa) and others, however, 
have pointed out that a gradual improvement of the visual 
mechanism from pigment-spot to fully-developed eye is to be 
expected, and that the parallel development in vertebrates and 
oephalopods of eyes with lenses is, on the basis of the laws of 
optics, not in the least unlikely. Indeed, on more general grounds, 
the properties of natural selection entirely nullify the argument 
from improbability in this and other cases. 

Thus T. H. Morgan and Hogben have asserted that natural 
selection is seen, in the light of modem genetics, to be essentially 
destructive: in the absence of natural selection, all the known 
forms of life would exist, and in addition a vast assemblage of 
other types which have been destroyed by selection. Though 
both have now adopted a much more selectionist standpoint, 
these past views must be refuted as anti-selectionists still often 
cite them. 

T. H. Morgan (1932, p. 130) writes: “If all the new 
mutant types that have ever appeared had survived and left 
offspring like themselves, we should find all the kinds of aninials 
and plants now present, and countless others.” The catch here 
is in the if; and the answer, of course, is that every type imme- 
diately ancestral to a mutant has been brought into existence 
only with the aid of selection (see also Hogben, 1930, p. 18 1). 

In point of fact the general thesis is entirely untrue. It is on 
a par with saying that we should expect the walls of a room to 
collapse on occasion owing to all the molecules of gas inside 
the room moving simultaneously in one direction. Both arc of 
course only improbabilities — but they are improbabilities of such 
a fantastically high order as to be in fact entirely ruled out. 
Each single existing species is the product of a long scries of 
selected mutations. To produce such adapted types by cliancc 
recombination in the absence of selection would require a total 
assemblage of organisms that would more than fill the universe, 
and overrun astronomical time. 

It should further be remembered that the degree of adaptive 
specialization is correlated with intensity of selection-pressure. 
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Elscwheie (p. 426) we have noted how, in the balance between 
the exposed adaptive tendencies towards cryptic coloration and 
display coloration in birds, the degree of development of display 
(epigamic) adaptations is directly proportional to the repro- 
ductive advanU^e it confers upon an individual male. The 
greater abundance and development of cryptic and aposematic 
adaptations to be found in the tropics, where selection-pressure 
u highest, is also to be noted (see p. 448). 

The conyerse of this positive correlation is the tendency of 
originally adaptive structures or fufictions to degenerate in the 
absence of further selection-pressure in their favour. We have 
spoken of this in relation to the eyes and pigmentamon of cave 
animals (p. 453), but the fact is one of the commonplaces of 
evolutionary biology, c.g. in parasites. The vestigial wings of 
ratite birds provide an excellent example. These are m all cases 
degenerate as regards the adaptations needed for flight. Where, 
however, they arc employed in epigamic display as in the 
ostriches (jStnUhio) or the rheas {Rhea), they remain of consider- 
able size; but where this further function is absent, as in the 
emus {Dromaeus) and cassowaries {Casuarius), they are reduced 
to vestiges. This tendency towards degeneration of useless 
structures — ^i.e. those on which seleaion-pressure is no longer 
maintained — is, as we have seen (p. 455), automatic in most 
organisms, owing to the accumulation of small degenerative 
mutations that throw the deUcate mechanism of adapution out 
of gear. This may be further generalized in terms of gene-effects 
(Wright, 1929). Most genes have multiple effects. Organs under 
direct selection will be modified by a system of genes; but the 
genes of such a polygenic system will also have secondary effects 
on “indifferent” organs, and most of these secondary effects will 
tend to promote degeneration in size or fiuiction. Further, when 
two linked polygenic systems (p. 67) are lodged in the same 
chromosome or chromosomes, and selection is acting to alter the 
main character controlled by one system, while that controlled 
by the other is useless, the res^tant recombination will “break up” 
the useless character; in virtue of the tendency of random change 
to be towards decreased eflSciency, this also will promote de- 
generation. 
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None of this reasoning, however, should apply in the case of 
organisms which do not practise outcrossing. Here, the recom- 
bination of “loss” mutations is impossible, and thus degeneration 
should be exceedingly slow. Furthermore, since many loss muta- 
tions need recombinational bufiering (p. 67) to survive, tliey will 
be automatically eliminated where recombination is impossible. 
The result should be the persistence of originally adaptive but now 
funcdonless structures. The natural place to look for such “relict 
adaptations” is the floral mechanisms of plant species which have 
wholly abandoned outcrossing. 

At first sight there would appear to be numerous examples of 
this. For instance, in various Compositae, such as dandelions 
{Taraxacum) and hawkweeds (Hieracium) there exist a number of 
forms which, in spite of producing all their seed by obligatory 
apomixis, continue to form showy flower-heads, obviously 
adapted to attract insects. However, die persistence of these erst- 
while adaptations may be due to the short time elapsed since the 
change to apomixis. On the other hand, in Taraxacum Dr. Turrill 
informs me that apomixis very probably dates back at least 10,000 
years. 

A more serious objection is the existence of numerous “corre- 
lated characters” of the capitulum which still have functional 
significance. Various parts of the mechanism provide the de- 
velopmental scaffolding for the adaptive pappus; the ray florets 
still play a protective role during the night closure of the head, 
though this protection itself is perhaps a relict adaptation as it 
probably concerns the pollen. However, such considerations 
would not apply to obligate apomicts in grasses, where the relict 
floral mechanism was adapted to anemophilous cross-pollination, 
nor to the vegetatively reproducit^ coral-root, DenUria bulhifera, 
which still makes the unnecessary gesture of producing obviously 
entomophilous flowers without any apparent subsidiary function. 

Obligatory self-pollination should produce the same result. 
Here the difficulty is to find satisfactory examples, since in most 
cases some outcrossing stiU occurs. Thus the orchis Epipactis lepto- 
chila is normally self-pollinating, but cross-pollination can occur 
during a brief period. The closely allied £. latifolia is exclusively 
cross-pollinated (Godfery, M. J., 1933, Monograph of British 
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Orchidaceae, Cambridge). However, Dr. Mather informs me 
that, in Britain at least, the tomato (Solatum lysopersicum) shows 
no cross-pollination (save in one anomalous variety) ; yet its obvi- 
ously cntomophilous flowers persist. In some cereal strains, die 
frequency of cross-pollination is so low (only 2 per cent) that it 
should enormously reduce the speed of degeneradon. 

There is thus a prima fade case for the persistence of “relict 
adaptations” whenever cross-breeding is absent (and perhaps 
when markedly reduced), but more investigation is required for 
full confirmation (See Huxley, 1942, Nature 149: 6^7). 

8. ADAPTATION AND SELECTION NOT NECESSARILY 
BENEHOAL TO THE SPECIES 

So far, we have been discussing adaptation more or I^s in vacuo. 
We must now draw attention to the important fart that it will 
have different effects according to the type of selection operating. 

This is best illustrated by the distinction between interspedfic 
and intraspecific selection. In one sense, almost all selection is 
intraspecific, in that it operates by favouring certain types within 
the spedcs at the expense of other types. The only exceptions 
would be when species spread or become extinct as wholes. 
The former occurs with such spedes as are produced abruptly, 
e.g. by allopolyploidy after hybridization. The latter occurs 
when no strains within a species arc capable of ai^usting them- 
selves to a change of climate or to the arrival of new competitors 
or enemies. Selection in such cases no longer operates by any 
differential action between different strains, and the whole species 
spreads or disappears in competition with other spedes. 

The term intraspedfic selection can, however, properly be 
used in a more restricted sense, to denote selection concerned 
only with the relations of members of one spedes. On the same 
interspecific selection is then selection which is ultimately 
concerned with the environment or -with other spedcs. Thus 
selection for speed in an ungulate will operate intraspecifically 
in die broad sense, but is directed interspecifically in being con- 
cerned with escape from predators. Similarly selection for cold- 
resistance in a period of decreasing temperature is directed 
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environmentally, and may favour the entire species in competition 
with others. But selection for striking epigamic plumage in male 
birds is directed intraspedfically, in being concerned with the 
advant;^ of one male over another in reproduction. It would 
dius be more correct to speak of selection concerned with intra- 
or interspecific adaptation; however, it is more convenient to 
use the terms in the sense I have just outlined. 

We have already discussed intraspedfic selection briefly in 
relation to the numerical abundance of species (p. 34). In scarce 
species, competition wUl be more with other species and selec- 
tion will be related more directly to the environment, while in 
abundant species there will be more competition between indi- 
viduals of the species itself. Of course inter- and intraspecific 
selection will often overlap and be combined; but the intensity 
of one or the other component may vary very greatly. 

An interesting type of selection which is in a certain sense 
intermediate between interspecific and intraspecific, may occur 
in forms which exist in numerous and relatively isolated local 
populations, particularly if the local populations arc subject to 
large fluctuations in numbers. In such cases (Wright, 194.0b) a 
local population may “arrive at adaptations that turn out to 
have general, instead of merely local, value, and which thus 
may tend to displace all other local strains by . . . excess 
miration”. Wright calls this intergroup selection. When this 
operates, groups compete qu^ groups, on the basis of elaborate 
gene-combinations restricted to the separate groups. It is prob- 
able that this type of evolution has played a considerable role 
in some kinds of species: cf. Sumner (1932, p. 84) for Peromyscus. 

Intergroup selection, however, may operate betvi^een groups 
with a functional basis as well as between those with a regional 
basis (local populations). Intergroup selection of this sort we 
may perhaps call social selection, since it will encourage the 
gregarious instinct and social organization of all kinds. As Alice 
(1938) has recently stressed with the aid of a wealth of examples, 
the bases for social life in animals arc deep and widespread. 
There exist numerous cases where it lias been experimentally 
ahown that aggregations of a certain size enjoy various physio- 
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logical advantages over single individuals. Once that occuis, 
selection will cncour^ behaviour making for aggregation and 
the aggregation itself will become a target for selection. 

In a later paper (1940) Allee develops this theme further. 
He shows that wh^ degree of crowding is plotted i^ainst 
efficiency for a large number of functions, the resultant curves 
arc of two sharply distinct types. In the first type (which I 
suggest might be distinguished as unit-selective, since selection 
falls on the unit individual), the performance has optimum 
efficiency of lowest population density (e.g. a single pair for 
maximum fertility per pair in various insects). Butlin the second 
(which perhaps could be called group-selective, not\bccausc there 
are more selective faaors, but because the group o^ many indi- 
viduals becomes a target for selection), there is^a phase of 
“undercrowding”, during which the efficiency of the function 
increases with population density, finally reaching a peak and 
then descending in a phase of overcrowding. A special case is the 
reproductive advantage conferred by size of colony in colonialr 
nesting birds (Darling, 1939; Vesey-Fitzgerald, 1941, p. 525; 
J. Fisher and Waterston, 1941; and cf. p. 103). 

Processes of this type will of coune give curves dififering in 
shape, slope, and so forth, and will have correspondingly different 
results. Wherever such a curve occurs, it means that an aggre- 
gation near the peak value will constitute “a supraindividual 
unity on which natural selection can act. . . . Such low or 
feeble social units may be poorly integrated, but still possess 
demonstrable survival value”; and out of such primitive group- 
ings, intergroup social selection can evolve such specialized 
group-units as the ant or termite colony. 

Finally, since processes giving curves of the multiselective 
type have been ffiscovered in every major group of animals, it 
becomes clear that social selection will be widespread, and that 
“sociahty is seen to be a phenomenon whose potentiahties are 
as inherent in living protoplasm as are the potentiahties of 
destructive competition”. 

In general, the intraspccific type of seleaion is much com- 
moner than is generally supposed. Thus to think of natural 
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sdccdon as first and foremost a direct struggle with enemies or 
with the elusive qualities of prey is a fallacy. Au equally important 
feature of the struggle for existence is the compeddon of me mbers 
of the same species for the means of subsistence and for repro- 
duedon. Surprise has been expressed by some biologists at the 
fact that in New Zealand, domesdc pigs which have become 
feral have, in spite of the absence of predatory enemies, reverted 
to something like the wild type; but in compeddon for food 
and reproduedon the leaner and more aedve wild type must 
clearly have a strong relative advantage over the fatter and more 
sluggish domestic forms, so that reverse mutations or reversionary 
recombinations will be favoured by selection. 

Elsewhere (p. 426) we consider other examples of intraspecific 
selection. Sometimes the competition is restricted to individuals 
of one sex, as in intrasexual selection; sometimes to individuals 
of a single litter, as in the intrauterine selection of nummals 
(p. 525). Again it may be especially intense at a certain period 
of life, as is the competition for light and space between the 
seedlings of many higher plants. Another example from plants 
concerns the competition between the haploid male plants pro- 
duced by the pollen-grains. Genetic research has shown that 
these may be aficcted in various ways, including the rapidity of 
their growth down the style, by the genes they bear. As a result 
of this, certation, or a “struggle for fertilization” between 
genetically different types of pollen-grain, may and often docs 
occur, and gaies which induce rapid growth of pollen-tubes 
will often be at a premium. Nothing of the sort, however, appears 
to take place in higher animals. The only known exception is the 
gene described by Gershenson (1928) in Drosophila, with lethal 
effects only on Y-bearing sperms. There is also the alleged differ- 
ential activity of the two types of sperms in forms with male 
hctcrogamcty; if this be a faa, it is probably due to some effect 
of diflferential size, the male-determining appearing to have in 
many cases a smaller head. 

Even in most of the relations between a species with its enemies, 
competition is intraspecific. Normally, a certain number of indi- 
viduals are bound to be killed: when so, the main pressure of 
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selection is directed to keeping an individual out of the category 
of the relatively unprotected, where it will be an almost certain 
victim, into that of the well-protected where at least it has an 
even chance of survival. Any improvement in the protection of 
some individuals will lead to the bulk of the population being 
placed at a disadvantage, so that they will once more come 
under selection-pressure. Such considerations will apply to speed 
in escape, cryptic and mimetic resemblance, and many other 
adaptations against predators. 

In a different sphere, most competition within ciwlized human 
societies is between individuals. The difference of course is that 
success in this competition is not biological, measured by in- 
creased survival to later generations, but social, consisting of 
monetary and other satisfactions; in fact social and biological 
success are usually inversely correlated. 

Artificial selection is clearly intragroup in its methods. Thus 
racehorses are selected for reproduction almost entirely on the 
basis of their individual performances. In most domestic forms, 
however, once marked breed characteristics have been estab- 
lished, intergroup (interbreed) competition may operate, and 
reduce or wholly eliminate certain types. 

The dependence of the results of selection on the type of 
competition prevailing is well seen in the case of the social 
hymenoptera, such as honey-bees, wasps, and ants, where repro- 
ductive specialization prevails, and therefore the extinction of 
individual neuters can have no effect on the constitution of later 
generations, provided that the community survives (see p. 480).* 

Haldane (1932a) has demonstrated that only in such a society, 
which practises reproductive specialization, so that most of the 
individuals are neuters, can very pronounced altruistic instincts be 
evolved, of a type which “arc valuable to society, but shorten the 
lives of their indhvidual possessors”. Thus unless we drastically alter 
the ordering of our own reproduction, there is no hope of making 
the human species much more innately altruistic than it is at present. 

* As Weismann early pointed out (see discussion in Emerson, 1939), selec*- 
tion of this type will become more effective as the number of reproductives in 
a colony is reduced — hence the single-queen condition in most termites and 
social hymenoptera. 
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The existence of intraspecific selection, i.e. selection between 
genetically different types within a species, enables us to cx|>ose 
another widespread fallacy — ^namely, that natural selection and 
the adaptations that it promotes must be for the good of the 
species as a whole, for the good of the evolving type pursuing a 
long-range trend, for the good of the group undergoing adaptive 
radiation, or even that it must promote constant evolutionary 
progress. In actual fact we find that intraspecific selection fre- 
quently leads to results which arc mainly or wholly useless to 
the species or type as a whole. Thus the protection afforded by 
a cryptic or a mimetic resemblance of moderate accuracy might 
speedily approach the limit so far as its value to the species is 
concerned, if there were any way in which selection could be 
restricted to ef&cts on the species as a species. But as a matter of 
fact selection acts vii individuals, and this intraspecific compe- 
tition between individuals will often lead to the process of 
adaptation being continued until almost incredibly detailed 
resemblances are reached. The perfection of the resemblance of 
Kallima to a dead leaf is one of the marvels of nature; not the least 
marvellous aspect of it is that it is of no value to the species as a 
whole (see p. 427). 

A. J. Nicholson (1933) has pointed out how advantages 
operating at one stage of the hfe-history may be compensated 
for by increased mortality in other stipes, so that the species 
docs not benefit as a whole. Thus in most Lepidoptera a cryptic 
pattern favouring survival of adults will result in more larvae, 
which in turn will permit a disproportionate increase in para- 
sitoid infection, thus bringing down the number of adults again. 
Wherever this balance of elimination as between stages is approxi- 
mately self-regulating, factors affecting it will be over-riding as 
regard interspecific selection, while selection for other characters 
must be intraspccific. (In very unfavourable conditions with 
much reduced adult nmnbers, the cryptic pattern m^ht become 
valuable for the species as a whole.) 

In such examples, the adaptation is at least not deleterious. In 
other cases, however, it may lead to deleterious results. This is 
perhaps'cspecially true of selection which is not only intraspccific 
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— -confined to competition between members of the same species 
— ^but also intrasexual — confined to competition between mem- 
bers of the same sex of the same species. When polygamy or 
promisiscuity prevails, the selective advantage conferred by 
characters promoting success in nuting will be extrenielv high 
(p. 427) : accordingly in such forms wc meet with male cpigamic 
characters of the most bizarre sort which, while advantaging their 
possessor in the struggle for reproduction, must be a real handi- 
cap in tb^ struggle for individual existence. The train of the 
peacock, the tail of the argus pheasant, the plun/ies of certain 
birds of paradise, the horns and antlers of certain ^gulates, are 
obvious examples. In such cases of course a balanrc will even- 
tually be struck at which the favourable effects shghpy outweigh 
the unfavourable; but here ^ain extinction may bi the fate of 
such precariously-balanced organisms if the conditions change 
too rapidly (see Huxley, 193 Sa and b). 

We may, however, go further and suggest with Haldane 
(1932a) that intraspecific selection is on the whole a biological 
evil. The effects of competition between adults of the same 
species probably, in his words, “render the species as a whole 
less successful in coping with its environment. No doubt weak- 
lings are weeded out, but so they would be in competition with 
the environment. And the special adaptations favoured by intra- 
spedfic competitions divert a certain amount of energy from 
other functions, just as armaments, subsidies and tariffi, the 
organs of international competition, absorb a proportion of the 
national wealth which many believe might be better employed”. 

Intraspecific competition among anemophilous plants has led, 
it seems, to a real overproduction of pollen; among male 
mammals to unwieldy size as in sea-elephants, or to over- 
developed weapons and threat-organs as in deer and various 
horned groups; among parasites to their often monstrous exag- 
gerations of fertility and compUcations of reproductive cycle. 

There can be little doubt that the apparent orthogenesis which 
pushes groups ever further along their line of evolution until, 
as witli size in some mcsozoic reptiles' and armour in others, they 
are balanced precariously upon the edge of extinction (p. 506), 
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is due, especially in its later stages, to the hypertcly induced by 
intraspecific competition. 

This conclusion is of far-reaching importance. It disposes of 
the notion, so assiduously rationalized by the militarists in one 
way and by the laisser-faire economists in anodier, that all man 
need to do to achieve further progressive evolution is to adopt 
the most thoroughgoing competition: the more ruthless the 
competition, the more efficacious the selection, and accordingly 
the better the results. . . . But we now realize that the results 
of selection arc by no means necessarily “good”, from the point 
of view cither of the species or of the progressive evolution of 
life. They may be neutral, they may be a dangerous balance o( 
useful and liarmful, or they may be definitely deleterious. 

Natural selection, in fact, though like the mills of God in 
grinding slowly and grinding small, has few other attributes 
that a civilized religion would call Divine. It is efficient in its 
way — at the price of extreme slowness and extreme cruelty. 
But it is blind and mechanical; and accordingly its products are 
just as likely to be aesthetically, morally, or intellectually repul- 
sive to us as they arc to be attractive. We need only think of the 
ugliness of Sacculina or a bladder-worm, the stupidity of a rhinoceros 
or a stegosaur, the horror of a female mantis devouring its mate or 
a brood of ichneumon-flies slowly eating out a caterpillar. 

Both specialized and progressive improvements arc mere by- 
products of its action, and are the exceptions rather than the 
rule. For the statesman or the eugenist to copy its methods is 
both foolish and wicked. As well might the electrical engineer 
copy the methods of the Ughtning or the heating-engineer those 
of the volcano. It indubitably behoves us to study the methods 
of natural selection, but this will be to discover how to modify 
and control them in new ways and, very definitely, to sec what 
to avoid. Not only is natural selection not the instrument of a 
God’s sublime purpose; it is not even the best mechanism for 
achieving evolutionary progress. An important step towards a 
rational applied biology will be the full analysis of the various 
modes of operation of selection witli a view to its eventual 
control and its inteusificatHui for our own purposes. 
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I. TRENDS IN ADAPTIVE RADIATION 

Wc have now to consider long-range evolutionary trends. The 
primary evidence on these conics from continuous fossil scries, 
but incomplete or even fragmentary series may often be satis- 
factorily completed by the use of indirect evidence from com- 
parative anatomy and embryology, and the indirect evidence 
may supplement the direct by showing us, to a considerable 
degree of probabiUty, with what physiology and what behaviour 
to cloak the fossil bones. 

Later in tliis chapter, we shall discuss those trends for which 
no adaptive meaning has as yet been discovered. But it seems 
clear that the considerable majority are definitely adaptive. So 
obvious is tliis conclusion that it has found expression in die 
current phrase adaptive radiation (first employed as a gcneraliza- 
rion by H. F. Osborn; see e.g. Osborn, 1910). This is employed 
to coyer die well-known fact that large systematic groups usually 
contain representatives adapted tcra number of mutually exclusive 
ways of life. The converse principle is that of the parallel physio^ 
logical or structural adaptation shown by the most divcjsc kinds 
of animals confined to a single type of habitat (pp. 430 ff. ; and 
examples in Ht'sse, Alla% and Schmidt, 1937). Adaptive radia- 
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don is most obvious in the case of classes and sub-classes, but 
may be traced both in higher and lower systematic units: how- 
ever, in phyla and other units of high rank, the phenomoion is 
manifested only on very broad lines, while in small groups such 
as families the type is in general so much restricted that the 
radiation is neither so many-sided nor so obvious. 

Thus classes and sub-dasses provide the optimum size of group 
in which the phenomenon may be studied: and in such cases, 
whenever paleontological evidence is available (as it is notably 
in the placental mammals, but also in the reptiles and other 
groups) the adaptive radiation is seen to be the result of a number 
of gradual evolutionary trends, each tending to greater specializa- 
tion — ^in other words to greater adaptive efficiency in various 
mechanisms subservient to some particular mode of life. As we 
have already pointed out, adaptive radiation is ecological diver- 
gence in the grand manner. It is the large-scale group manifes- 
tation of the process whose details in minor systematics we have 
discussed under the head of ecological speciation; and each 
sii^le adaptive trend also shows the phenomenon of successional 
speciation. 

In typical cases of adaptive radiation, a number of lines take 
their origin in a generalized early group. There has been some 
dispute among paleontologists as to the degree of generalization 
to be expected in an ancestral form (see Gregory, 1936). For 
instance, Henry Fairfield Osborn and his school wished to 
extend considerably the principle of parallelism in (mammalian) 
evolution, by assuming that in each group numerous separate 
lines of descent run parallel far back into geological time, before 
divergence from a common ancestor can be postulated (even 
for the orders of modem placental maimnals, common ancestry 
is, by authors of this way of thinking, frequently assumed to date 
back to the Upper Cretaceous); in correlation with this view, 
the Osbom school further assumes that “even any remote 
ancestors of any type must, in order to be admitted as such, 
already exhibit unmistakable signs of the characters which are 
very evident in their descaidants”. Thus Miller and Gidley deny 
to the Eocene rodent Paramys any ancestral significants for 
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modem, rodents such as squirrels and beavers, because it exhibits 
no trace of the specialization which these modem forms possess. 

On the other hand, most paleontologists do not shrink from 
the idea of radical tramformadon and apparent new or^in of 
characters within a line. Thus W. D. Matthew regards Paramys 
as ancestral at least to the squirrels and beavers. There would 
appear on general grounds no reason to accept the views of the 
Osborn school. At some dme the specialized must certainly have 
arisen from, the generalized. However, just because the ancestral 
type is so generahzed, it is oftai, in view of the iinperfecdons 
of the fossil record, very difficult to push the history of a given 
line back beyond the point at which the first obvious s^;ns of 
its characterisdc specializadon appear. The stock at qiis stage of 
its evoludon is often a variable one, and may shov^ numerous 
combinadons of characters not found in any of the later types 
derived from it. Specialization often consists partly in the restric- 
don of the character-combinadons found; and for the rest, 
chiefly in quandtadve alteradons in the reladve development of 
this or that character. The process of specializadon in aU lines 
continues steadily, but with different intensity in diflcrent lines, 
for a considerable dme, which in the higher mamm^ at least 
seems to last for between ten and forty million years; eventually 
change ceases, and the specialized type either rapidly becomes 
extinct or else continues unchanged for further geological periods. 

A fiirther feature of such trends as have abundant fossil 
documentadon, such as that of the horses, is the amount of 
parallel evoludon that occun. Closely related stocks appear to 
develgp along similar lines, although frequendy one line will 
show acceleradon in one adapdve trmd, such as the speciahza- 
tion of die grinding mechanism of the teeth, with reladvcly 
slow development in another, such as the spedahzadon of the 
hoofed foot (see Matthew, 1926, and Sdrton, 1940, for horses; 
Osborn, 1929 and 1936. for dlanotheres and for elephants; 
Swinnerton, 1921, for various invertebrates; and pp. 514 scq.). 

- Another feature of trends that are well-documented by fossils 
is the great -amount of variabiUty that often occurs at any one 
dme, with consequent marked overlap at different levels. Thus 
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Trueman (1922) investigated the evolution of a curved Gryphaea 
type of shell from a flat Ostrea type. The curvature in the flattest 
shells from the lowest level investigated was only 10°, while in 
the most curved shells from the highest level it was 540°.* 
But the range of variation at five successive levels was as follows; 

degrees 

No. 1 10-130 

No. 2 100-340 
No. 3 180-400 
No. 4 220-500 
No. 5 270-540 

In general, no sharp line can be drawn between long-range 
trends extending over scores of millions of years and short-range 
trends of under a million years (see Swinnerton, 1932). 

Swinnerton (1940) has investigated the same evolutionary 
trend in more detail in another Ostrea-Gryphaea hneage. He finds 
the same great range of variability at any one time. He has 
further been able to prove, by interesting graphic methods, that 
in certain characters die later communities differ from the earlier 
merely in a restriction of the ordinal variability, whereas in 
other characters they have moved partly or wholly beyond the 
limits found in the original community. 

We will for the moment leave out of consideration those 
advances (though they too are adaptive) which concern higher 
all-round organic cflficiency rather than greater efficiency in 
relation to a particular environment or mode of life, and which 
arc better classified under the head of biological progress than 
under that of specialization: these will be discussed in Chap. 10. 

The process of adaptive radiation may be illustrated by die 
group of placental mammals. From the small and generalized 
terrestrial forms of the end of the Cretaceous and the very 
beginning of the Cenozoic, lines radiated out to take possession 
of different environments.. Two quite separate lines became fully 
aquatic, one of flesh-eaters culminating in the whales and por- 

* Measurements expressed in degrees of total coiling instead of in terms 
of the spiral angle* as given by Trueman. 
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poises, the other of herbivores leading to the sea-cows and 
manatees. Still another line, that of the seals and the sea-lions, 
branched off from the carnivore stock and became aquatic except 
for reproduction. The bats meanwhile specialized on aerial life, 
and the primates on life in trees. The main ground-living forms 
belong to five chief branches — the carnivores, the rodents, the 
elephants, the odd-toed and the even-toed ungulates. The rodents 
specialized for gnawing, the carnivores for the capture of large 
living prey; both ungulate groups, though quite separate in 
evolutionary origin, became highly adapted to i herbivorous 
diet of grass or leaves and, in the most advanced types, to rapid 
locomotion; the elepliants concentrated on a diffment type of 
vegetarian specialization, with the aid of tusks, trunk and large 
bulk. 

Among other groups, the South American edentates or 
Xenarthra are instructive. They represent the surviving remnants 
of a primitive early mammalian stock, and are not characterized, 
as are the successful groups, by one predominant specialization. 
On the contrary, their affinities are revealed only by compara- 
tive anatomy, and they show remarkable divergent specializa- 
tions — the armadillos to protection by heavy armour, the ant- 
eaters to an ant and termite diet, the sloths to an upside-down 
arboreal existence, and the recently exdna ground-sloths to a 
sluggish herbivorous Ufe coupled with great bulk. It appears 
that they have only been able to survive through embarking on 
a secondary adaptive radiation of their own, superposing high 
ecological specialization on a primitive organizational ground- 
plan.* 

Something of the same sort has occurred with the inscctivores 
— ^we need only think of mole and hedgehog — though the 
members of this group have in large measure survived by 
remaining generalized and of small size and by occupying humble 
niches in the economy of life. 

Other groups, however, have disappeared entirely, notably 
the higher creodonts among the carnivores, and among vegeta- 

* A similar secondary radiation, but here correlated with more complete 
competition, is seen in marsupials in the Australian region: sec pp. 324, 491* 
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riaiis, the amblypods, the titanothcrcs, the typothercs and their 
relatives, the chalicotheres and the baluchitheres. All dicsc were 
specialized, and many of them of large bulk. In every case it 
appears tlut they were extinguished because witli tlicir primi- 
tive general organization, notably as regards the size and 
efficiency of their brain, they were imablc to compete success- 
fully with the later-evolving carnivorous and herbivorous 
lines. 

Each successful line of course radiates further into sub-lines. 
Among bats, for instance, there are fruit-eaters, insect-eaters, 
fish-eaters, and blood-suckers. Among cetaceans there are tlic 
giant whalebone food-strainers, the big toothed whales special- 
ized to feed on deep-sea cuttlefish, the carnivorous killer-whales 
attacking other marine mammals, and the porpoises and dolphins 
specialized for fish-eating. Even among seals there is marked 
adaptive- radiation, some eating fish, others cephalopods, others 
crabs, and still others penguins. Still finer adaptive specialization 
takes place within the sub-lines. Emerson (1938) gives a valuable 
summary of the adaptive radiation of termites, which is largely 
concerned with the type of nest-construction. We have given 
examples from birds in Chapter 6 (p. 325). 

It is instructive to compare the adaptive radiation achieved 
by different groups. The marsupials, for instance, that were 
isolated in the Australian region underwent adaptive radiation 
quite separately from other mammals elsewhci'c, whether marsu- 
pials or placcntals. The fact that they alone among marsupials 
were able to specialize to this extent is doubtless a large-scale 
example of the phenomenon noted in Chapter 6 (p. 334), of 
the greater degree of differentiation made possible by reduced 
competition from other types. However, the number of speciali- 
zations achieved, and their efficiency, was not so high as in the 
placcntals. This in all probability is to be ascribed to the lesser 
scope for variation and the lesser degree of selective pressure; 
this is due to the smaller size and less varied nature of the area, 
which in their turn restrict the total numbers of organisilis in a 
species, and therefore the potential of variation, and also limit 
die numbers of different ecological niches. Some of the special- 
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ized tretuls are extremely similar to those found in placeuttals. 
For instance, the marsupial mole and wolf show a remarkable 
parallelism with their placental counterparts. In many cases, 
however, the same general type of specialization is achieved, 
but in a different way. The kangaroos are the outstanding 
example of this. They arc well adapted to life on grassy plains; 
but nothing similar to them in detail has been evolved among 
placentals as dominant plains herbivore, and among marsupials 
nothing has been evolved similar to the placentals’ main speciali- 
zations for plains life — the horses on the one h^d and the 
antelopes on the other. 1 

Some lines arc altogether lacking in the marsupial radiation: 
c.g. neither aquatic nor fully aerial forms were evolved. Others, 
such as carnivorous types, are relatively poorly de ^loped; but 
still others, such as small arboreal types, are more extensively 
developed than in placentals. In general, however, . adaptive 
radiation saw to it that the main ecological niches are occupied 
by the Australian marsupials, even though the methods of occupy- 
^g them frequently differs from those adopted by the placentals 
in their radiation. There is little evidence that intrinsic variability 
or other inherent properties of the stock have much to do with 
the differences between the two sub-classes. 

The evolution of the Australian marsupials demonstrates 
adaptive radiation on the part of a medium-sized taxonomic 
group restricted to a medium-sized area. Adaptive radiation may 
be seen in much smaller areas as well as in much smaller groups. 
Thus modern work (Yongc, 193 8rt, 1938/;) indicates tliat the 
remarkable prosobranch molluscan faima of Lake Tanganyika, 
which is unique in fresh waters both in abundance of species 
and in special types, is not (as was originally suggested) derived 
from a part of a Jurassic marine fauna cut off in the lake, but has 
evolved in situ from forms already adapted to fresh water. All 
fresh-water gastropods are herbivorous: this is proved for all 
the Tanganyika forms by their possession of a crystalline style. 
They have radiated into a variety of forms, adapted for living 
at different depths and in waters containing different amounts 
of sediment, and for securing their food in radically different 
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wa]^. However, it is interesting to note that the raciiation is 
limited in one important particular — no carnivorous types have 
been evolved. 

Similar local radiation jicrmittcd by long isolation has Ivrcn 
shown to occur in the gammarids and other forms of Lake Baikal, 
the cichlid fish of Tanganyika and other African lakes (p. 324), 
and certain birds of oceanic islands (p. 325). As we sliould expect, 
all degrees in amount of radiation appear to exist. 

The adaptive radiation (or rather radiations, since several were 
superposed) of the reptiles during the Mesozoic Period is per- 
haps more comparable with that of placental mammals than is 
that of tlic Australian marsupials, since they affected a major 
group in the main land area of the globe. In this case all possible 
main lines were evolved, including the full aerial and a dispn>- 
portionately large number of aquatic types. The excess of lines 
tending towards very great bulk is also prominent. This fact 
looms over-large in most discussions of die subject, and it is 
often forgotten, even by professional biologists, that small types 
adapted to erect as well as to quadrupedal running, to arboreal 
life, etc., were also evolved. Here again there is no evidence of 
any restriction of variability: the peculiarities of the reptilian 
radiation, while in part due to the inherent properties of the 
reptilian stock (scaly covering, small brain, etc.), appear to 
depend in the main on peculiarities of the physical and biological 
environment of the period. 

The essence of adaptive radiation thus consists first in tlie 
invasion of difierent regions of the environment by different 
lines within a group, and secondly in their exploitation of differ- 
ent modes of life. In both cases progressive adaptation is at work. 
In the first case this may lead to wholly new parts of the environ- 
ment being colonized: for instance tlie sea and the air formed 
no part of the enviromnent of the original mammalian stock. 
In the second case it may lead to wholly new organic arrange- 
ments: for instance binocular and macular vision in higher 
primates, the baleen filter of whalebone whales, or the ruminant 
stomach in h^her even-toed ungulates. 
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2 . THE selective DETERMINATION OF ADAPTIVE TRENDS 

The trends seen in adaptive radiation would appear to present 
no difficulties to the selectionist, and it is hard to understand 
why they have been adduced as proof of non-adaptivc and 
internally-determined orthogenesis. Whenever they arc truly 
functional and lead to improvement in the mechanical or neural 
basis for some particular mode of life, they will confer advantage 
on their possessors and will come under the influence of selection ; 
and a moment’s reflection will show that such election will 
continue to push the stock further and further luong the line 
of development until a limit has been reached. \ 

This limit is usually determined by quite simple biomechanical 
principles. A horse cannot reduce its digits below dpe per foot, 
nor can it, with a given body-size, increase the coinplexity of 
the grinding surface of its molars beyond a certain point \yithout 
making the grinding ridges too small for the food to be ground. 
The selective advantages of mere size, which must often be 
great in early stages of a trend, will be later offset by reduction 
of speed, or difficulties of securing sufficiency of food, or, in the 
final limit in land animals, by the relative increase of skeleton 
necessitated.* There is a limit to the acuity of vision, to the 
streamlining of aquatic form, to the length of a browser’s neck, 
which can be useful or indeed possible to hawk or vulture, to 
whale or porpoise, to gerenuk or giraffe. 

When those biomechanical limits have been reached, the trend 
ceases, and the stock, if it is not extinguished through the increas- 
ing competition of other stocks which have not yet reached the 
limits of their trends, is merely held by selection to the point it 
has reached. Ants, in some ways the most successful of inverte- 

* If the same proportions are retained while absolute size is increased, cross- 
sectional area of bone increases as the square of linear dimensions, but weight 
to be supported as their cube. After a certain limit the bone is unable to support 
the weight. For instance, human thigh-bones will break if called on to support 
about ten times the weight they now support. Thus a tenfold increase of man’s 
linear dimensions would bring him to me point where he could no longer 
support his own weight, since cross-section of a thigh-bone would increase a 
hundredfold, while weight would increase a thousandfold, and so ^ch square 
inch of femoral cross-section would be caUed upon to support tea times as much 
weight. (See D’Arcy Thompson, 1917, Chap, a; Haldane,' ipa?!), p. 18.) 
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bratc groups, readied the limits of spedalization at latest by the 
OligtKcnc, and have shown negligible evolutionary changes in 
the stuxeeding 30,000,000 years (Wheeler, 1910). The titano- 
dieres reached theirs long before most placental trends had 
been achieved, and accordingly were later extinguished by 
the competition of more efficient rivals. In general, tltt most 
successful mammalian groups reached their limits in the 
Pliocene. 

One important fact must be stressed, since it is often over- 
looked by those who would uphold an orthogenetic as against 
a selectionist interpretation of such trends. It is that the environ- 
ment to which a given line becomes adapted is organic as well 
as inorganic: it includes all other forms of life widi which the 
type comes into ecological relation, as well as purely physical 
and climatic features. Sometimes the inorganic environment 
changes markedly, as when there is a climatic revolution, such 
as occurred at the end of the Cretaceous; but in general it is the 
organic environment which shows the more rapid and important 
alterations. 

Thus the evolution of the ungulates is not adapted merely to 
greater eificioicy in securing and digesting grass and leaves. 
It did not take place in a biological vacuum, but in a world 
inhabited, inter alia, by carnivores. Accordingly, a large part of 
ungulate adaptation is relative to the fact of carnivorous enemies. 
This appUes to their speed, and, in the case of the ruminants, 
to the elaborate arrangements for chewing the cud, permitting 
the food to be bolted in haste and chewed at leisure in safety. 
The relation betwem predator and prey in evolution is somewhat 
like that between methods of attack and defence in the evolution 
of war. In recent naval history, for instance, an advance in the 
efficiency of big gims has immediately put an additional premium 
upon advance in armour-plating, and vice versa. SometinRs 
advance is so great diat an entire method of attack or defence is 
roidered obsolete. The improvement of artillery led to the 
abandonment first of fortified castles and later of city fortifi- 
cations as methods of defimee: madiine-guns and barbed wire 
forced the abandonment of die cavalry charge as a mediod of 
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attack. Such radical changes have their biological parallels in the 
entire or almost entire extinction of a group. 

The dependence of adaptive trends on the organic environ- 
ment is shown in a du^rammatic manner in the relation between 
carnivores and herbivores; but more subtle dependence will exist 
wherever two types ate brought into ecological competition or 
interrelation. 

In addition, the organic environment of an individual includes 
the rest of the species. This is a truism so obvious as often to be 
forgotten; but since so much of selection depends ton inttaspecific 
competition, it is of’great importance. When all Westral horses 
could run only moderately fast, an additional premium would 
be placed on a little extra turn of speed; when th^ ancestral seal 
\iad first taken to tVie water, a \>cttct streamlk^^ and a mote 
efficient flipper would give their possessors a definite advantage 
over their fellows. When the biomechanical limit of speciah- 
zation has been reached, such advances will no longer be possible, 
and selection can only act either by keeping the species up to 
the Umit or by encouraging adaptive changes in other characters, 
such as intelligence or reproductive efficiency. (See pp. 478 seq.). 

Thus partly in relation to other species, partly in competition 
with others of their own species, a constant selection-pressure 
will be exerted, causing adaptive trends, once begun, to be 
speciahzcd towards a fimit. 

That adaptive radiation is essentially a product of selection, 
not the outcome of any intrinsic tendency, and is relative to 
environmental conditions, is further shown by the fact that 
when stocks are removed from competition or find themselves 
in special environments, they may show renewed adaptive 
radiation, although this has virtually ceased, at least docs not 
take place, elsewhere. This is well exemplified by the gammarids 
irt Lake Baikal (KorotnefF, 1905-12), by the fish in ceruin 
African lakes (p. 324), and on a larger scale by such examples 
as the Australian radiation of the marsupials just mentioned. 
Similarly the enormous plasticity of c.g. pigeons under artificial 
selection is proof that their previous stability was the effect of 
selection-pressure, not of any reduction in intrinsic variability. 
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The same is demonstrated by die development of flightless or 
giant birds on oceanic islands, where selection will act in a 
new way. (See also p. 129.) 

Theoretically, it may be possible to distinguish the problem 
of the origin of adaptive trends from that of their maintenance, 
once originated, at least in certain cases. For instance, die full 
evolution oi all the adaptations associated with the habit of 
flatfish of lying on one side on the bottom, presents no particukr 
difficulties in die way of a selectionist interpretation, wliilc the 
first evolutionary step towards asymmetry is much harder to 
envisage. Even here, however, we find half-way stages. The 
primitive genus Psettodes, for instance, has the originally lower 
eye near the dorsal edge of die body, not on the secondarily 
upper surface as in all other pleuroncctids. "When wc further 
consider that various fish have the habit of occasionally lying 
on one side on die bottom, the problem docs not appear quite 
so serious as at first sight. Thus the suggestion put forward by 
Goldschmidt that diis trend and others such as the asymmetry 
of gastropod molluscs were initiated by abrupt mutations, though 
afterwards maintained and perfected by selertion, becomes 
improbable and redundant (pp. 456, 552). 

3. THE APPARENT ORTHOGENESIS OF ADAPTIVE' TRENDS 

The only feature inviting orthogendtic explanation is the direc- 
tive character of evolutionary trends, their apparent persistence 
towards a predetermined goal.* But on reflection this too is 
seen to be not only explicable but expected on a selcctioilist 
viewpoint. Over three-quarters of a century ago. Bates (1862) 
pointed out this fart. He wrote, with reference to mimicry, 
“The operation of selecting agents, gradually and steadily bring- 
ing about the deceptive resemblance of a species to some other 
definite object, produces the impression of there being some 

* Berg in his book Nim<^enesis {1926) gives numerous interesting examples 
of trends which he puts down to orthogenesis. Many of dicse, however, arc 
covered by the consideration advanced in this section, while others would appear 
to fall under the head of conscquendal evolution (§ 6 ). The wealth of examples 
which he dtes is worthy of detailed study from the selectionist viewpoint. 
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innate principle in species wliidi causes an advance of organi- 
zation in a special direction.” And he later makes it clear dut 
he would apply the same reasoning to all other adaptive trends 
(see also Potdton, 1931, who quotes Bates). 

One difBculty that is often overlooked by believers in ortho- 
genesis is the curious diderence between related groups in regard 
to the number of separate divergent trends to which diey give 
rise. Thus the horses are often considered as constituting but 
a' single trend, though as we have seen there are numerous minor 
divergencies, and the extent of these has been stressed by Sdrton’s 
recent detailed studies (1940) as against Matthew’s classical 
work (1926). \ 

The evolution of this group can no longer be represented by 
“a pine-tree with one main stem and insignificant side 'branches” 
(H. E. Wood, 1941). But Wood goes on to point out, that even 
so, its development is extremely simple when compared with 
that of the closely-related group of the rhinoceroses. These show 
a considerable number of highly divergent trends, including that 
leading to the gigantic baluchithercs, and another to the semi- 
aquatic amynodonts. Sometimes one and the same sub-group 
shows a single-track trend in one geographical area, but complex 
polyphyletic divergence in anodier. There is a considerable 
amoimt of parallel evolution as well as divergence. 

This is an extreme in the opposite direction from the horses. 
Most groups of comparable taxonomic rank show an inter- 
mediate degree of divergence. 

It is impossible on orthogenetic principles to explain why 
one group should contain in posse the tendency to show marked 
divergent radiation and another comparable group should not, 
why one should form twice or four times as many orthogenetic 
trends as another. (Sec also Crepis, pp. 372 scq.). 

To revert to the determination of single trends, it is clear 
dut, once a trend has begun, much greater changes will be 
necessary to switch the stock over to some other mode of life 
than to improve the arrangements for the existing mode of life. 
T. H. Morgan (1925, p. 148) has put this point very clearly. 
“It has been pointed out that the power to reproduce itself puts 
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the problem of the construction of a living organism on a 
difierent footing from the construction of a complex machine 
out of inorganic (non-living) material. This question is so 
important for the theory of evolution that its significance must 
be further indicated. 

“Whenever a variation in a new direction becomes estab- 
lished, the chance of further advance in the same direction is 
increased. An increase in the number of individuals possessing 
a particular character has an influence on the future course of 
evolution — ^not because the new type is more likely to mutate 
again in the same direction, but because a mutation in the same 
direction has a better chance of producing a further advance 
since all individuals are now on a higher level than before.” 
(Morgan might have added that for the same reason mutations 
in other directions will have a worse chance than before.) “When, 
for example, elephants had trunks less than a foot long, the 
chance of getting trunks more than one foot long would be in 
proportion to the length of the trunks already present and to 
the number of individuals in which such a character might 
appear. In other words, evolution once begun in a given direction 
is in a favourable position to go on in the same direction rather 
than in another, so long as the advance does not overstep the 
limit where further change is advantageous.” 

In the same way, too sudden an advance, eVen if mutations 
for it were all available at one time, would often be non- 
advantageous or even disadvantageous. We can see this from 
analogies with human constructions. In the evolution of the 
motor-car, the substitution of four for one or two cylinders 
was a great improvement: it had “survival-value”. However, 
not until the majority of cars came to be four-cylindered was 
the additional advantage of still more cylinders of sufficient 
appeal to give the six- or eight-cylindered engine any consider- 
able advantage in the market. Again, we can readily see that the 
sudden “development” of full modem armour-plate on the 
earliest ironclads would have been actually disadvants^eous, since 
it would have reduced their speed relatively to less heavily pro- 
tected ships, without conferring any corresponding benefit in 
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the way of defence against the comparatively inefficient pro- 
jectiles of the day. Only when the range and piercing power 
of the projectiles increased did increase of armour become 
advantageous. 

Similuly a sudden large increase in size and power of a car- 
nivore without corresponding advance in its prey might . be 
disastrous to the species, since it might kill out or markedly 
reduce its own food-supply. Again, a marked improvement in 
one character might be non-advantageous in the absence of 
corresponding improvements in correlated characters. 

This point, however, is only of theoretical interestlfor organic 
evolution, for the simple reason that the supply of mutations is 
so slow, and the mutations which can be used appeu to be of 
such small extent, that really sudden and imadjusted advance is 
impossible. Most adaptive specialization therefore caimot help 
being gradual. 

We may sum up the position as follows. Since selection can 
only build with the materials provided by mutation; since 
mutation is a slow process, and since the material it provides, 
to be useful for selection, must be in the nature of small bricks, 
it follows that the chances are overwhelmingly in favour of the 
small changes needed to confer advantage in preserving the 
existing trend, turning up (and therefore being acted upon) 
before the larger changes needed to confer advantage in another 
mode of life have had any likelihood of occurring. A specialized 
line thus finds itself at ffie bottom of a groove cut for it by 
selection; and the further a trend towards specialization has 
proceeded, the deeper will be the biological groove in which it 
has thus entrenched itself. Thus specialization, in so far as it is a 
product of natural selection, automatically protects itself against 
the likelihood of any change save further change in the same 
direction. 

Plate (1913, p. 511), who readies very similar conclusions, 
proposes the term ortkoselection for selection promoting the con- 
tinuance of an adaptive trend. It is surprising diae this useful 
term has not come into more general use. That this apparent 
orthogenesis is determined functionally and not by some inner 
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clockwork of the germ-plasm which predetermines a progressive 
change in structure, is excellently shown by the evolution of the 
elephants (see summary in Lull, 1917, p. 588). These began 
their career by an elongation of the muzzle, involving the enlarge- 
ment of both jaws and both upper and lower incisor tusks. 
Before the beginning of the pliocene, this process had reached 
what appears to have been a mechanical Umit. In the later 
evolution of the stock, the jaws were shortened, the trunk 
elongated, and the lower tusks abolished. The effective reach of 
the animal for its food was continuously increased: but the 
structural basis for this functional change was wholly altered,, 
the elongation of the trunk being substituted for that of the 
jaw. It is impossible to stretch the principle of internal ortho- 
genesis to cover a process of this type. 

Another reversal of trend is that shown by the baboons (see 
e.g. Gregory, 1936), in which a secondary lengthening of the 
face into a muzzle has occurred subsequently to an original 
trend in the opposite direction, as exemplified by most Old 
World monkeys. This differs from the case of the elephants in 
that here the trend itself appears to have been reversed, while 
in the elephants the functional trend continues, and only the 
means for realizing it are altered. 

While on the subject, we may deal with a cognate point, 
DoUo’s so-called law of the irreversibiUty of evolution. This is 
an empirical fact of paleontology, but would appear to be merely 
the result of probability and what we may call biological con- 
venience. That it involves no intrinsic necessity is shown by the 
experimental findings of geneticists on polydactyly in guinea- 
pigs. The tame guinea-pig, like other members of the genus 
Cavia, normally possesses but four (%its (ii-v) on the front 
feet and three (ii-iv) on the hind. By selective breeding from 
the individuals possessing one or both hind little toes (digit v), 
which appear sporadically in certain domestic strains, a stock 
can be produced which always possesses this digit (sec Pictet, 
1933; Wright, I 934 ii). The basis for the character seems to be 
an alteration in the digital embryonic field, permitting it to be 
divided into more digital units than in the normal type (p. 550). 
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The little toes dius experimcntaU)' resurrected appear perfectly 
normal, so that man has been able to build up a stock which 
was in full possession of a hind little toe that the wild species 
and indeed the whole genus had definitely lost many millions 
of years ago. Thus nature no more abhors reverse evolution than 
she abhors a vacuum.'^ 

Muller (1939), in a carefully reasoned review of the subject, 
comes to the same general conclusions. He points out that not 
only will dje old characters resurrected by reversed evolution 
never rest on a genetically identical basis, but that With complex 
characters they will inevitably cease to be phenotypic^y identical 
or even closely similar. See also Needham’s interesting discussion 

(1938)- \ 

The matter is complicated by the fact that the tyuscle and 
tendon supply is to a considerable extent independent of the 
bones and dermal structures Q. P. Scott, 1938), so that normal- 
looking digits may be abnormal functionally. In some cases, 
however, extra digits appear to be quite normal. This illustrates 
the difficulty of restoring (or independently evolving) a character 
depending on many distinct major factors. 

Gregory (1936) also maintains the correcmess of Dollo’s Law. 
First he points out that DoUo himself asserted that the “Law” 
applied only when an organ is wholly lost. Thus cases of per- 
fecdy definite “reversal of evolution” which happen only to 
apply to changes in proportion are excluded by a quite arbitrary 
definition. Then Gregory maintains that structures which are 
regained are never entirely identical with the corresponding ones 
that were originally lost. Thus it has been shown that in the 
occasional three-toed horses tliat occur to-day, the extra digits 
“do not have the same coincidence with the carpal bones as do 
the side toes in the feet of the extinct Hipparion”. Sometimes he 
goes further. Thus, though mastiffs and St. Bernards may show 
the big toe which is lacking in wild Canidae, “it would be 

* Wright (op. cit.) has further produced another stock which, in addition 
to little toes, almost invariably possesses a thumb (fore digit i). This stock, how- 
ever, can only be maintained in the heterozygous state, since the genes concerned 
are lethal when in double dose, although the thumbs prodticed appear quite 
normal. 
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difficult to prove that this so^alled big toe is truly homologous 
with the true first digit of primitive mammals”. Here the words 
truly and hmnologous appear to beg several questions, to which 
it is probably impossible to give an answer. If it is mabtained 
that a regained organ is never absolutely identical with that 
which was lost, this is probably true in the great majority of 
instances. However, not only do some of the cases of extra toes 
in guinea-pigs seem to contradict this (though even here, certain 
characters such as coat-colour, etc., are almost certain to have 
altered since the organ was first lost, thus rendering it at its 
reappearance not completely identical), but wherever a “normal” 
character has been markedly altered (as in fowls’ combs) or totally 
suppressed (as in the horns of cattle) by a dominant mutation, it 
is obviously possible, provided certain genetic precautions are 
observed, to rc-obtain the identical normal character from the 
heterozygous form after an indefinite number of generations. 

Regan (1924) has given an example, not based on experi- 
mental proof, of reversed evolution in fish. This concerns the 
re-acquisition by the Loricariidae of denticle-like structures on 
the scales. Another case is the return of later amphibians to the 
series of simple neuromast pits in place of the roofed-in groove 
constituting the lateral line of higher fish in early amphibia. 
The pit stage is ontogenetically and phylogenetically primitive. 
This case may be accounted for by a quite simple alteration in 
the time-relations of development. 

Dollo’s Law should thus in the first place be restated in more 
general form, and in the second place it should be regarded as 
a mere rule and not erected into a principle. It is true that the 
more complex an organ is, and the more completely it is lost, 
the less likely it is to be regained in identical form, but this 
depends on no absolute “principle of irreversibUity” — only on 
the hi^ degree of improbability of reversal in all of many 
factors concerned. 

Many trends which at first sight appear useless may turn 
out on analysis to have fimctional significance. For instance, 
Malcolm Smith (1938) comments on the trend in agamid lizards 
towards reduction of the structures of the middle ear. The 
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functional reason here may be the risk of damage to these 
delicate structures by living prey strt^gling in the mouth, as 
in the parallel trend seen in snakes, but Smith is inclined to a 
purely orthogenetic explanation. 

The same priQciples seem to apply in general to small-scale 
adaptations as to long-range adaptive trends, except that since 
such adaptations frequently concern only one particular func- 
tion and not the organism’s main way of life, it should be easier 
for evolutionary direction to be changed, and for adaptation to 
set off on a new tack. In the matter of coloration fin birds, for 
instance, there is a balance between the advantages vo be derived 
from concealment and those to be derived from cor 
The former will be h^her for defenceless species dtad in open 
environments, the latter will be higher in males wnpi there is 
polygamy (stimulative value of display characters) or when 
there is much rivalry between males as in territorial species 
(threat characten), and in both sexes in gregarious species (recog- 
nition markings). A slight change in habitat preference or repro- 
ductive behaviour will speedily tilt the balance in one direction 
or the other (see Huxley, 19236, 19384, 19386; and p. 426). 


4. NON-ADAPTIVE TRENDS AND ORTHOGENESIS 

Besides the usual trends constituting the radiation of a group, 
most of which, as we have seen, appear clearly to be towards 
adaptive specialization, there are others for which no adaptive 
significance has as yet been found. The most striking are, natur- 
ally, those for which wc have direct fossil evidence. Watson 
(1926) enumerates a number of trends observed in the extinct 
group of amphibia known as Labyrinthodonts. These include 
the flattening and broadening of the head and forepart of the 
body; the shortening of the skull, resulting in the hypoglossal 
nerve passing out posteriorly to~the cranium instead of through 
the basioccipital; the gradual downward extension of the fore- 
part of the cranial cavity; the progressive diminution in ossifi- 
cation of the cranium, and the final disappearance of certain 
bones; the development of an ode process in the pterygoid; etc. 
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Iticse trends occur in a parallel way in a number of quite separate 
Imes, and almost synchronously. They proceed their course 
in spite of radical changes in the animals’ biology, such as that 
from aquatic to terrestrial and back to secondarily aquatic life. 
And Watson states categorically that he can see no adaptive 
significance in any of them. 

Certain trends have been assumed to be ordiogcncdcally 
determined since their end-products appear to be more or less 
patholt^cal. Nopesa (1923) has termed such evolutionary 
simulations of diseased conditions arrhostia. In certain eases, as 
with the pachyostosis and osteosclerosis wliich occurs in various 
marine vertebrates, and which simulates certain accompaniments 
of leukaemia, this seems to be a temporary means of sccturing 
better respiratory adaptation to an aquatic life (Nopesa, 1923) 
during the period when other more satisfactory but more 
elaborate adaptations arc being evolved. We thus tend to find it 
in the early stages of secondary aquatic trends (the permian Meso- 
saums, the triassic nodiosaur Pachypleura, the lower cretaceous 
lacertilian Eidohsmrus, the lower cretaceous ophidian Paclryophis, 
the eocene cetacean Zeugtodon); only in the vegetable-feeding 
Sirenia is it a permanent feature, but even so it has been much 
reduced in the later history of the group. In one case only, the 
pliocene sirenian Felsinotherium, docs it seem to have become so 
excessive as to contribute to extinction. Thus, since it dws not 
represent an irreversible trend which becomes accentuated until 
it ends disastrcnisly, there is no need to postulate an ordiogcaietic 
determination for it 

Aquatic vertebrates show another arrhostic condition of bone, 
namely a retardation of ossification, exclusively or mainly of 
cartilage bone. Nopesa (1930) cites Stegocephalia, modern 
Amphibia, Chelonia, Ichthyosauria, and (to a slight extent) 
Plesiosauria as showing this taidcncy. He further points out that 
it is very similar to the retardation of ossification produced by 
hypothyroidism. He suggests (hat in some as yet unknown way, 
aquatic life damps down thyroid activity; if this view is correct, 
dien the arrhostia is a consequential effect of aquatic life, and need 
n« be regarded as the result of a special orthogeuetic trend. 
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Nopcsa (1923) also {xunts out tliat in oeitsdn cases of very 
large size in vertebrates, anliostic conditi<»s simulating symptoms 
of hyperpituitarism (acromegaly) may arise. It would, however, 
appear probable that this t^ain is a purely conseqttential effect 
of the large size, which itself depends largely or mainly <Hi in- 
creased pituitary functions. If, as appears likely, the lai^ size 
itself (e.g. of certain dinosaurs), during the favourable dimatic 
conditions when it was evolved, was itself of advantage, ortho- 
genesis need not be postulated, and the condition is closely 
parallel with that produced in the St. Bernard bre^ of dogs by 
artiffdal selection (p. 71). This interpretation is st^gthened by 
the facts concerning the role of the pituitary in ^ evolution 
of the giant birds of the family Aepyomithidae as determined on 
endocranial casts (Edinger, 1940). Here die size of pituitary 
relative to that of die forebrain increases over fourfold as absolute 
size is increased from Mulleromis to the gigantic Aepyornis 
tnaximus. Finally H. E. Wood (1941) and Goldschmidt (1940) 
draw attention to the fact that numerous vertebrates — ^forms of 
rhinckrerotids (amynodonts), cave-bean, a number of fishes, etc. 
— ^have developed a facies very similar to that of adhpndroplasia, 
notably the “bull-dog” type of face. Here thr implicadons ate 
not so dear as with acrom^alic arrhostia, but at least there is no 
more necessity of adopting ordiogenesis as an explanation than 
in any of die other cases cited. Arrhostia seems thus to be a 
consequential rather than an orthogenetic phenomenon (pp. 325 
scq.). Sec also Stockard (1938) on “pituitary” characters. 

A succinct account of other noteworthy examples, in some 
of which the non-adaptive nature of the change seems dearer, 
is given by Haldane (1932a, p. 23) and may be quoted here: 

“Further observation of these marine races showing slow con- 
tinuous evolution displayed an extraordinary group of phenomena 
which are not obviously exphcable_on any theory of evolution what- 
ever. Characters appear to go on devdoping past their point of 
maximum utihty. Thus the coiling of the Grypkaea shells jlameUi- 
branch molluscs] went on until it must have been very dimcult for 
them to open at all, and impossible to open widely. Hus state of 
adairs occurred several times, and always portended the extinction 
of t^ race. The same thing sometimes happened in land animals. 
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Thus in the Titanothem [large dbgocene hoofed mammals] gigantic 
size and horn development were t£c prdiide to extinction in a num- 
ber of sep^nate lines of descent. One is left with the impression t^ 
the evolutionary process somehow acquired a momentum whidi 
took it past the point at which it would have ceased on a basis of 
utility. 

**But sometimes another process occurred, which has been par- 
ticularly studied in the Ammonites. These animals, which in a general 
way resembled cuttlefish, made spiral shells with many chambers, 
but only lived in the last of them, the others being presumably filled 
with water or gas. The inner chambers were made by :hc young 
animals, the latter by the adults. So we can contrast the shell-making 
activity of the same animal at different ages. We then find that the 
earlier chambers often resemble those produced by the adults of ances- 
tral forms some millions of years earlier. The phenomenon can be 
especially wcU studied in the suture lines between different chambers. 
The correspondence is not exact, and often new features appear in 
the earlier stages which were not present in any ancestors. . . . 
This is quite analogous to the phenomenon of partial recapitulation 
seen in the early development or such forms as man. An early human 
embryo has rudimentary gill-slits and a tail. Later on it develops a 
thick coat of hair which is shed before birth. Of course the gill-slits 
and tail are unlike those of any adult animal, and it has special organs 
such as the umbilical cord which are not and never were found in 
adults. But many of its features recapitulate tliose of its adult ancestors. 

“All this can be explained on Darwinian lines. The less a new 
adult character interferes with normal development the more likely 
it is to be a success. When, however, it has been fixed in the adult 
stage the complicated developmental process may well be slowly 
modified so that the advantages of the new character appear ^^arlier 
and earlier in the lifi>cycic and its appearance is less and less abrupt. 
This process is, however, likely to be very slow. 

“So far so good, but in the later stave of Ammonite history a muclr 
more surprising phenomenon occurred. A number of different lineages 
began to alter in the opposite direction. Features appeared which had 
not been seen for a hundred million years, but which strongly re- 
sembled those of the earliest known Ammonites. The suture-line 
Ixjcame simplified, and the shell uncoiled. Sometimes the primitive 
features seem to have been present right through the animafs life- 
history. In other lines of descent (c.g. BacuUtes) tlie shell was at first 
colled, but in the fully adult animal it was straightened out. This 
reversion to primitive type was always the prelude to extinction. 
It happened on a large scale in die late Trias, when most of the great 
Ammonite groups died out. Then there was a brilliant rctiatssaiicc 
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during the Liassic period^ one of the older groups giving rise to many 
new types. But an epoch of archaism set in once more in the 
Cretaceous, and at the end of that period the last Ammonite died. 
The closing stages of Ammonite evolution were marked, not only 
by retrogression, but by the appearance of new shell types, with ‘hairpin 
bends* as in Hamites^ or an asymmetrical snail-like spire as in TurriteUies, 
These bizarre forms, however, were only temporarily successful. After 
about 400 miUion years of life the Ammonites Ibecame exdna. 

“The account here given is that due to Hyatt and Wurtemberger, 
and is, I think, accepted by most paleontologists. However, Spath’s 
(1924) views on Ammonite lineages, which arc easier to reconcile 
with Darwinism, command much support. I am not competent to 
judge between them, but wish to state the anti-Darwinian position 
as fairly as possible,’* 

Among other examples often adduced by paleoi^itologists as 
useless or eventually harmful trends are those towarlds spininess 
and ovcr-oniamcntation in trilobites, and towards excessive 
development of the arm-skeleton in brachiopods. 

The second case which Haldane mentions, that of the titano- 
tlicrcs, can be more simply accounted for on Darwinian lines 
(p- 534)« Indeed Haldane himself (op. cit., p. 141) later argues 
that the development of apparently unfavourable characters as 
a prelude to the extinction of a stock can in many cases (notably 
unwieldy size and exaggeratedly large horns), be put down to 
the biologically evil effeas of intraspecific selection (p. 484), 

On the other hand, no selectionist interpretation of the over- 
coiling of the Gryphaea lines, or of the secondary simplification 
of ammonites, or of other bizarre preludes to extinction in other 
groups, has as yet been given. A caveat should here be entered' 
No living ammonites are known. The complication of suture 
lines of the earlier ammonites and their simplification in later 
forms have at least a simple mechanistic basis in terms of rate- 
genes (p. 530). About their functional meaning we know next 
to noticing, so that it is dangerops to maintain that they were 
in no sense adaptive. This is the view to which Bather (1920) 
eventually came, after wide paleontological experience. It may 
even be that we arc betraying our ignorance by not being able 
to perceive the direct functional utility of the latest strangely 
bent and partially involved types of shell. This, however, is 
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unlikely, and with the Cryphaea still less likely. An additional 
complicatitm is introduced by the fact that, as briefly noted by 
Haldane, Gryphaea is not a true genus, but merely a name for 
the final stage in the coiling of an ostreid slicll, and that this 
stage has been reached by several lines, starting their evolution 
at different times (Arkell, 1933; p. 409). Tlie fact diat on 
several occasions certain oysters remained flat while others pr^v 
cccdcd to show this tendency to over-coiling which was even- 
tually to lead to their extinction, is difficult to account for on 
any hypothesis so far put forward, orthogenetic or otherwise. 

It is, of course, possible that these trends, in themselves useless, 
arc correlated with adaptive trends in other characters (pp. 63, ao6). 
However, we must provisionally face an explanation in terms 
of orthogenesis — ^i.e. of evolution predetermined to proceed 
within certain narrow limits, irrespective of selective disadvan- 
t^e except where this leads to total extinction. It should be 
noted that, even if the existence of orthogenesis in diis cause be 
confirmed, it appears to be a rare and exceptional phenomenon, 
and that we have no inkling of any mechanism by which it may 
be brought about. It is a description, not an explanation. Indeed 
its existence runs counter to fundamental selectionist principles 
(p. 123). 

Of course, if mutation-rate were high enough to overbalance 
coiuiter-selection, it would provide an orthogenetic mechanism 
of a kind. However, as Fisher and others have shown, mutation- 
rates of this intensity do not exbt, or at least must be very rare. 
Secondly, even if they did exist, they would not by themselves 
provide an explanation of the real problem at issue, which is the 
lofig continuance of apparendy orthogenetic trends. For this, we 
should have to postulate not merely a high mutation-rate, but a re- 
striction of the direction of mutation, so that new mutatimis with 
high frequency would always be arising to produce further eflfccts 
of the same type. And of this there is no evidence whatever.* 

* Hie wewk of JoUos (1930), cLutning that induced mutations tend to occur 
m a series of successive steps with prc^iressively greater ei&ct, appeared to 
indicate a mechanism of diis general type for mutations of low fi^uency. Later 
researches, however (e.g. Plough and Ives, 1934). have entaely (uHm to confirm 
the existence of such “direetk^” ot “progressive” mutation. 
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Orthogenesis of this sort, playing the nuyor part in gokhng 
evoluticmary change, with sel«:tion in a ptud.y limiting and 
subsidiary role, may be called dominant or primary. While 
dominant orthogenesis, if it exists at all, is rare and exceptional, 
what we may call subsidiary or secemdary orthogenesis is com- 
mon enough. Under the head of subsidiary ordiogenesis I include 
phenomena which in the first place are of an orthogenedc nature 
in tfiat they limit the freedom of variation and therefore of 
evolutionary change, and in the second place are subsidiary in 
that they merely provide limits within which natj^al selection 
still plays the main guiding and shaping role. \ 

The first phenomenon of subsidiary orthogenesis widi whidi 
we must deal is parallel variation (pp. 99, 211, 395, 431). This is a 
comprehensive term which includes several distuu^ processes. 
In die fiirst place there is homologous mutation — the alteration 
of homologous genes in the same kind of way. In the second 
place there is parallel character-change — a. similar phenotypic 
effect,- produosd, however, by mutations in different genes. 
Parallel character-change may further be cither (o) homologous 
or {b) purely superficial. When homologous, the same type of 
developmental process is usually affected in the same kind of 
way: when superficial, the phenotypic effect is similar, but is 
produced by different developmental processes. This important 
distinction between the different modes of parallel variation has 
not always been clearly envisaged. (We must also remember 
that truly homologous mutations may sometimes exert quite 
different phenotypic effects in different species.) 

We will take examples of the different categories. In certain 
species of Drosophila, such as D. melanogastcr and D. simulatts, the 
possibility of obtaining of^pring from intcnpcdfic crosses has 
tabled geneticists to prove that certain parallel variadems, e.g. 
white eye and one yellow body variant, are due to truly homo- 
logous mutation — ^i.e. the same~type of mutation has occurred 
in corresponding loci, or in other words in descendants of the 
same ancestral gene (see Morgan, Bridges, and Sturtevant, 1925). 
The proof consists in the o^pring of two similar mutants show- 
ing die sunc mutant character, and n^ presenting a reversion 
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to wild type, as would occur if the genes were not homologous. 
In odier cases, though this complete proof cannot be given 
owing to sterility, the location of the genes in correspmiding 
sectkms of apparently homol<^ous chromosomes is strong ptc- 
sumprionof true homologous mutation. Ihe blood-group genes in 
man and apes are possibly another example. Interspecific grafting 
(Stubbe and Vogt, IP 4 ^) niay also demonstrate gene-homology. 

bi other cases the evidence is less cogent. Haldane (19270), 
for instance, has collected dbe data on the colour mutations of 
domestic and wild rodents and has shown that much parallel 
variation has occurred in the various species and genera. To 
deduce, however, as he is inclined to do, that these are all due 
to true homologous mutation, though in several cases probable, 
is not logically justified; similar phenotypic effects are often 
produced by mutations in non-homologous genes. There are, for 
instance, several non-homologous mutations for pink eyes and 
two for yellow body-colour in Drosophila (Morgan, Bridges, and 
Sturtevant, 1925), and several for red eye-colour in Gammarus 
cheneuxi (Sexton and Clark, I936l>) . In rabbits, three separate mutant 
gates may produce the “rex" coat-character (found also in other 
rodents) : Castle and Nachtsheim (1933). Thus parallel variatiori 
may be due to non-homologous mutations producing parallel 
characmr-change. 

Another similar line of approach is provided by the data on 
mutation-frequency in the laboratory, and on the proportion 
of wildrcaught individuals carrying mutant genes in a hetero- 
zygous conchtion. From these it has been established that various 
mutational effxts recur regularly in all organisms which have 
been diortHighly investigated (see p. 396). Here again the effects 
may sometimes be due to homologous mutation, sometimes 
merelytohomok^ousdiaractor-efiect. In either case, the presump- 
tion is strmig diat a number of corresponding mutational effects 
will recur independendy in various related species of a group. 

It is important to note that when non-liomolc^ous mutations 
affect the same developmental process in the same kind of way 
in difierent ^ledes, the resultant character-change may legiti- 
mately be called homologous, even though ndther ^ i^al 
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character, nor the steps of die developmdital process by whkh 
it is generated, are precisely idoidcal In sudi cases the nature 
of the developmental process provides a certain limitation or 
canalization of the types of variation possible. Thus if melanin 
pigment is pr^ent, a reduction in the intensity of its production, 
however brot^ht about, will result in dilution: a certain type 
of chemical alteration of the process will result in brown or 
yellow instead of black, and so on. When, as in many rodents, 
the :^outi. pattern is normally present, with a yellow section on 
a black hair, the chief modifications possible (atiart from the 
dilution of black or its alteration to brown, and me total inhi- 
bition of all pigmentation) appear to be (i) either W extension 
of yellow to cover the whole hair or its reductionlto leave the 
hair wholly black, or (ii) the presence or absence ol^ a larger or 
smaller area of yellowish-white on the belly. 

In a similar way, the process of wing-development in Droso- 
phila is such that numerous non-homologous mutations can 
produce greater or lesser notching or truncation at the tip, and 
various others can reduce the width of wing (see list of genes 
in Morgan, Bridges, and Sturtevant, 1925). In general, the simi- 
larity of homologous character-changes is due to^heir influencing 
an identical developmental process in a similar way. Truncate 
wings provide an interesting special case. Here Altcnburg Mid 
Muller (1920) showed that the chief gene for truncation in 
some fashion “sensitized” certain developmental processes in 
such a way that many quite independent mutations shortened 
wing-lengtii much more in the presence of this gene than in 
its absence. Similar cases are now known for other processes 
in Drosophila and for other organisms, and will become frequent 
as work in physiological genetics progresses. In one sense, this 
is a case of parallel variation, in another, of consequential evolu- 
tion (|§ 6, 7).* 

Superficial parallel character-change is known specially for 

* The faa that the processes of development restrict the possabtlidcs of varia- 
tion has a further consequential effect, in the frequent escistence of wlut Gold- 
schmidt (e«g. 1940, passim) has called phfftoroptc5--modifi<»tions that are plieno- 
typically indistinguishable from mutational c^cts. This phenomenon in its turn 
may provide the basis for processes of organic selection (pp. 524). 
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mimetic insects. I&re sekcdon-presstue has been dominant, and 
has moolded dissimilar processes to give similar effects. A good 
example is Papilio ticctor and its mimic the romutus form of 
P. polytes, in 'vydiich the red pigments are chemically distina, the 
one turning yellow, die other purplish on application of acid 
(Ford, 1937)* An even better case is that of a skipper butterfly, 
AbarUis levebu, which mimics Pierines (whites): the white pig- 
ment of the skipper is a flavone, while that of the whites is a 
pterin (unpublished information from Mr. E. B. Ford). 

A cmrious non-mimetic case is that of Satyrus anthe, in which 
two areas of apparendy similar white are due to wholly different 
pigments, in one a pterin derived from metabolic breakdown, 
in the other a flavone derived by building up from a product of 
the food-plant. 

Parallel variation may thus affect homologous genes and 
homologous processes: or non-homologous genes but homo- 
logous processes; or genes and processes both of which are 
non-homologous. The first two types, since they are often 
indistinguishable in practice, may conveniendy be lumped 
together imder the head of parallel mutation. 

Finally, we must remember that owing to the alterability of 
gene-expression by the residual gene-complex (pp. 64, 87), 
even truly homologous mutations need not produce similar 
phenotypic effects. 

These facts have interesting evolutionary bearings. In the first 
place, the existence of true homologous mutation shows us that 
the classical post-Darwinian concept of homology cannot be 
applied to spedcs. That concept equated correspondence in plan 
of organization with common descent. This condusion really 
involves two steps, one a generalization of observation, die other 
a historical deduction. The arm of a man, the wing of a bird, 
and the flipper of a whale can be shown to be built on a common 
plan: and it is deduced that the reason diey are all built on a 
common plan is because their three possessors are all descended 
from a common ancestor (see pp. 391 seq.). 

This explanation of the fact of homology by common ancestry 
undoubtedly holds good for complex structures for whose 
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evolution a very large number of stie|)s were reqmied. No 
biologist would venture to suggest that the pentadactyk limbs 
of vertebrs^ or the mouth>parts of insects could have beai 
separately evolved in more than one stock. But the fact of homo- 
logous mutation diows that it need not hold for characters 
involving only one or a few mutations. Both Drosophila melano- 
gaster and D. sitnulans have red eyes, but both have produced 
white-eyed mutants. The white-eyed types arc clearly homo- 
logous in that they are due to corresponding alterations in corre- 
sponding parts of the hereditary constitution: but! they cannot 
be traced back to a common white-eyed ancestrall species. The 
same is true of commonly recurring aberrations within a wild 
genus or species — e.g. white-6owered bluebells or gentians, 
which may even establish themselves as small loc4 groups in 
nature. There is no ancestral white variety from which all the 
white-flowered specimens are descended. 

More to our present purpose is the bearing of recurrent and 
parallel variations on the phenomena of convergence and parallel 
evolution. In this case both homologous mutation and homo- 
logous character-change will clearly relevant. 

We have mentioned (p. 488) the finding of paleontologists, 
that in fossil lineages widi abundant documentation, numerous 
separate lines appear to pursue the same general trend, although 
the rate of change of separate characters may differ: e.g. in the 
horses, some lines, although often specifically or even genetically 
distinct, will behind the mean for the period as regards 
complicatic^ and size of molars, while showing advance beyond 
the mean for reduction of digits; others will show the converse; 
and still others will be at the .mean for both characters. The 
same is true of the sea-urchin Micraster (p. 32). 

This can readily be explained if we assume that mutations 
with similar effects ate likely to Uun up in related lines. It must 
be observed, however, that selection-pressure is also necessuy. 
Actually, it will be the dominant factor, since it alrnie prescribes 
the general directiem of specialization. 

fiux, noted above (p. 509), that the coiled •Gryphaea type 
of diell was independently evolved in oysters at several diflerent 
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times a»d places may perhaps imply that it was of selective value 
under certain temporary and loci conditions (e.g. of greater 
sedimentadon). However, its apparent final harmfidi^ to the 
linear in which it occurs appears to rule out any simple selec- 
tionist interpretation. As with so many paleontolc^ical riddles, 
we may never learn the answer.* 

According to Osborn (1936) and Ic Gros Clark (1934), 
parallel- evolution has played a considerable part in the geo- 
logical history of the Proboscidea and the Primates respectively; 
and Brough (i 93 <S) gives interesting examples from bony fish. 
Parallel evolution in the titanotheres, and its probable explana- 
tion, is discussed on p. 534. Parallel evolution appears to have 
taken place in several separated lineages of Jurassic hexacorals, 
in each ease tending to greater cornpacmess of the corallitcs 
(W. D. Lang, 1938). 

Various mimetic resemblances, especially in synaposematic 
“rings” of related species all sharing the Mullerian advantages 
of a common warning pattern, but also in some Batesian cases, 
will doubtless prove to depoid largely on parallel mutations. 
On the other hand, many mimetic resemblances are demon- 
strably due to completely non-homologous character-changes 
(see Carpenter and Ford, 1933, p. 31), so that selection must be 
the essential ^cncy in their production. 

The sathe reasoning applies to the interesting case cited by 
Ic Gros Clark (1934, pp. 81-83) of the evolution of teeth in 
Primates. The two sul^families of fossil Lemuroidea, the Noth- 
arctinac and the Adapinac, both show die evolution of a quadri- 
tubcrcular from a trituberqular type of molar tooth. But whereas 
in the Adapinac this condition is brought about in the normal 
way by the development of a true hypoconc as a wholly new 
cusp fi:om the cingulum, in the Noiharctinae a pseudo 4 iypoconc 
is formed by the fission of the original protoconc into two cusps. 

* One of the features characterizing the evolution of the Gryphaea from the 
Ostren type h a progressive increase in absolute size. Swiunerton (^ 94 ^) studied 
the evolution of a lamge which rather more ^an doubled its linear diinensions. 
during part of the Lower Liassic. He estimates that this change proceeded at 
the rate of an increase of i per cent in size in about i,ooogeneratiotts (cf. p. 6 i n. 
on the rate of evolution in horses), ^uis the ctfcit may be ccwiscquciitial (p. 53 5 )- 
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The faa that die trend towards the quadritubercolar condition 
cannot be due to paraUel mutation constitutes additional evidence 
in favour of a selectionist interpretation. 

hi groups showing polymoiphism, the same variant types 
may recur over and over i^ain in di&rent species. A dassical 
case is the existence of apparently identical variant phases in 
banding and ground-colour in the snails Cepaca Iwrtcms and C. 
iti'tnoralis (p. 99). Rccaitly Rubtzov (1935) has shown that com- 
plex roloyr-pattcrns recur as normal variants not only in related 
species but related genera of grasshoppers. Thus lot six colour- 
{diases, all recur in five species of Chorthippus, atm four or five 
in six others, while two to five also recur in vanbus species of 
seven other genera. Within genera, parallel evolution may often 
occur, sometimes to the confusion of the systematist who attempts 
a phylogenetic classification. Thus in the Australian bird genus 
Acanthiza (Mayr and Serventy, 1938) a brighter-coloured rump, 
a marked pattern on the head, streaking on the breast, and 
lengthening of the tail have all occurred more than once. In the 
butterfly genus CoUas, Mr. £. B. Ford informs me, numerous 
species have yellow males and dimorphic females^ yellow or 
white (cf. p. 98). In some cases this is due to^ a special genetic 
mechanism (p. 99). In others, selection acting on very similar 
germplasms with very similar capacities for mutation may 
produce such a result; this would in general apply to the numer- 
ous parallel r^ularities afforded by the “Geographical Rules” 
of systematists (see p. 21 1), though- here non-homologous 
variation doubdess plays a larger role. 

In general, it may be said that the fact of parallel mutation 
makes parallel evolution and certain types of convergence likely 
to occur, but only m such cases where parallel mutation is supple- 
mented by parallel selection, or by special genetic mechanisms. 

5. THE BESTRICnON OF VABIATION 

Ihen we have restrictions on the amount of , variation possible. 
There is, for example, a great contrast between the unifonnity 
snipe or most ducks as against the tendency of many species 
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of {nsserine birds to break up into gec^rafdiical subspecies, or 
die constancy of such plants as bracken {Pteridiwn aquilimm) 
or Dryas octopetda as against the great variability of field pansy 
(Viola tricolor, settsu lato), or chickweed (Stellaria media, settsu 
lato) . It may be, of course, that the restriction of actual variability 
here depends on quite other causes than a restriction of the 
potentiality of variation. Much virork must be done on the 
subjea before vre can do more than guess. 

to any case we must beware of arguing that the inabiUty of 
specialized forms to produce new types must be due to an 
inherent lack of genetic variability. This assertion is often made, 
but cannot be upheld. We have already seen (p. 500) that the 
failure lies in the difficulty for selection of utilizing any varia- 
tions except those tending towards further specialization in the 
same direction. When the biomechanical limit has been reached, 
the type is stuck and can do nothing but either maintain itself 
or else become extina. However, as we have seen (pp. 324 seq.), 
such limits are relative to the environmental situation: if this is 
radically altered, evolutionary radiation may again set in, showing 
that the previous standstill was not due to lack of genetic vari- 
ability. The astonishing range of types produced by man in 
domesticated animals, even those like paeons whose origin is 
free frpm the suspicion of hybridization, conclusively demon- 
strates the same fact. From another angle, the reserve of genetic 
variability, much of it waiting to be elicited by selection, is 
demonstrably enormous in most wild species (R. A. Fisher, 
1930a, p. 96). 

Mc^e to the point, are the examples of restricted types of 
variation found in nature. Many groups appear to vary readUy 
in certain directions, widi diffiafity in others. 

The rarity of greens in adult butterflies (and, to a lesser extent, 
moths) is a case in point, to most other insea groups, green is a 
common colour; in view of its selective value as protective 
(cryptic) coloration gainst a background of vegetation, this is 
vhat one would - expea. Indeed numerous larval Lepidoptera 
show a green coloration which is obviously cryptic. The rarity 
of green in the adults is all the more remarkable. 
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Then amcmg woodpedcers, reds, blades, and whites are fre- 
quent, and yellows, greens, and browns may occur, but bltws 
appear to be unknown. Gulls, on the other hand, show almost 
exclusively a combinatitMi of white with grey-blue or blade: 
reds, yellows, and greens are never found in their [dumage 
(though they occur frequently in their beaks or legs). Penguins, 
again, show no red in their plumage, though some have yellow. 
This is of interest, since Levick (1914) found that red possessed 
some special stimulating quality for the Adelie Penguin. This 
spedes is much addicted to the theft: of the stonesjwhich consti- 
tute its nest-material. Levick painted stones of difixrent colours, 
and found that the red ones travelled by theft across the colony 
much faster than those of any other colour. One may presume 
that red plumage would have an advantage in sexi^ selection; 
but the bird’s plumage has remained black and white. 

Here again we must beware of arguing that because certain 
characters are normally not found, therefore they cannot be 
produced. The pierines or white butterflies provide a good 
example to the contrary. As everyone knows, the prevailing 
colour of these is white, often with black or greenish markings, 
and sometimes with yellow or orange. In the Old World they 
are practically restricted to this range of colour, and to certain 
types of pattern. In South America, however, a number of 
pierines have become mimetic: and these, to copy their models, 
have developed a number of new colours and patterns not else- 
where found in the group. Even in these, however, there is 
some restriction, for all the pigments employed are pterins, 
belonging to the katabolic type of substances produced from die 
breakdown products of metabolism: no flavones, for instance, 
occur in pierines, save in one aberrant New World group (Ford, 
1940&). Thus the group appears to be subject to a restriction as 
to the diemical nature of its pigments, though in respect of its 
patterns and to a certain extent of its actual coloration it must 
be regarded as conservative rather than as compulsorily limited. 

Again, at first sig^t it might be supposed that the lower 
mammals (all groups except Primates) were genetically restricted 
as regards pigmentation, since they arc confined to black, white. 
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geey, Imvm, russet, and yeUow, whik in Primates scarlets, 
pinks, blues, and greens are also found. This, however, would 
appear to be a case of consequential evolution (see p. 525), the 
greater range of colours among Primates being a consequence 
of their acqiusidon (alone among mammalian groups, apparently) 
of a)lour-vision. A relevant fact is that, as I am informed by 
Dr. S. Zuckerman, the red of buttocks and occasionally of face 
in Primates is due, as in our own lips, to blood showing through 
their skin. This device for producing visible red would have 
been available to members of other mammalian groups, but 
would have been useless in the absence of colour-vision. 

There are some cases, however, in which certain variations 
appear to be impossible or at best very difficult to produce. In 
spite of intensive and long-continued efforts, breeders have 
failed to give the world blue roses or black tulips. A bluish- 
purple in the rose and a deep bronze in the tulip are the limits 
reached: true blue ^d jet black have proved impossible. 

We refer later to the small amount of new variation to be 
found in the introduced English sparrow {Passer domesticus) in 
the U.S.A. This was recently confirmed by Lack (1940c). No 
marked local races have been established, and the variance of 
individual populations has been scarcely or not at all increased. 
This rather surprising fadure to vary may possibly be due to 
lack of time (p. 521). 

Restriction of variability may also be due to quite other causes, 
namely to a lack of what is called modificational plasticity — ^the 
capacity to react by modification to diflerences in the environ- 
ment (see p. 441). Various botanists (e.g. TurriU, 1936; and see 
Marsden-Jones and TurriU, 1938) luve shown that different 
species of plants difier enormously in diis respect, some, which 
we may c^ stenoplastic, remaining extremely constant under a 
wide range of environmental conffitions, others, the euryplastic 
types, reactit^ by marked chaises in size, habit, proportions, 
etc. p. 444). Wc have less information on the subject in animals. 

This phenomenon is of great interest ecologicaUy and in 
relation to minor systematics. We do not, however, know 
whether it is ccnrelat^ with any difference in actual or potential 
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genetic variability, and this alone will have long-range evolu- 
tionary e&cts. 

This brings us to an allied problem, diat of die great varia- 
bility of certain species as opposed to the relative invariability 
of others. We have already touched on diis in connection with 
the subjea of polymorphism (p. 516). 

Homcll (1917), after detailed study of the lamcllibranch 
Meretrix in hidian seas, concludes that the three species involved 
differ markedly in their type of variability. M. meretrix and Af. 
attenuata ate very variable in colour, but “remarkably stable” in 
adult shape and size, whereas M. casta is highly variable both 
geographically and locally in these last respects. \ 

Restriction of variation is sometimes only apparent. Thus the 
snails of the genus Cepaea, such as C. hortensis and C. nemoralis 
(see p. 202), appear at first sight to be far more variaole in their 
ground-colour and banding pattern than the common garden 
snail Helix aspersa. However, as Mr. Diver has pointed out to 
me, the shell of the garden snail is heavily suffused with a general 
brown pigment, which masks any underlying variation. Actually, 
it would seem that variation in diesc concealed patterns is just 
as great as in the teadijy visible patterns of Cepaea. 

Similarly, there are two North American species of the lamclli- 
branch Donax, of which one (D. gouldii) is superficially very 
uniform, while the other (D. variabilis) owes its name to the 
striking variation which it exhibits (Anon., 1941). Examination 
of the illustration, however, seems to show that the apparent 
restriction of variability in D. gouldii is due to a general ^minu- 
tion in the intensity of pigmentation, which tenders the various 
patterns much fainter. 

Bateson (1913, pp. 24 scq.) gives a number of other examples. 
In some cases, however, if he had gone further into the subject, 
the facts would not seem so curious. For instance, he cites the 
case of two closely related Brit^ noctuid moths of the genus 
Dianthoecia, both common and wide-ranging: D. capsituola 
shows little variation, while D. carpoplu^a “cjdnbits a complex 
scries of varieties”. He further mentions that the common 
“Silver Y”, Plusia gamma, shows little variation in the mark 
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from which it takes its name, while the corresponding mark in 
P. interregathnis is so variable that no two specimens arc alike. 
However, in the latter case, he omits to mention that in ground 
colour the two forms both show considerable variation, showing 
P. gtmmut is not stable as a species. 

With Dianthoecia, he has neglected the ecology of die two 
spcdcs. Although he states that they arc similar in their habits, 
this is not true in one important respect, for Mr. E. B. Ford 
tells me that while the adults of D. capsincola rest in concealed 
situations at the base of herbage, those of D. carpophaga, pre- 
dominandy a coastal species, tend to rest on exposed soil and 
rock. Their coloration is thus subjea to selection for protective 
reasons, and the variation to which Bateson refers is mainly a 
regional one, forms from different localities being adapted to 
the prevalent colour of the local backgroimd. For instance on 
die south coast of Britain, whitish forms arc found in the chalk 
areas, but beyond these, to the west, brownish types predominate. 

These examples will serve to show the complexity of the 
problem, and the danger of hasty conclusions. None the less, 
some of Bateson’s eases seem to satisfy all requirements. In 
Britain, for instance, the pheasant stock (if we disregard re- 
combinational variation due to crossing) is less variable than the 
red grouse, in spite of the fact that the former lias been intro- 
duced into alien surroundings. In the United States, the introduced 
house sparrow appears to be much less variable geograpliically 
than many indigenous species (p. 519; J. C. Phillips, 1915)- How- 
ever, the lapse of time may not have been sufficient to elicit 
geographical differentiation (see p. 194), for this appears to 
depend on selection as well as on inherent variability. In any 
case the spcdcs shows plenty of geographical variation in the 
Old World. 

At the moment we can give no explanation, whether in terms 
of intrinsic nature or external selection-pressure, to account for 
the restriction of variability in some spcdcs as against odicrs of 
the same genus, although we may say with some assurance that 
some spcdcs seem to show a greater readiness to vary genetically 
dian do others, and further that a given type may produce 
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certain kinds of mutational efi^cts more frequently, odicrs with 
great rarity or pedbafs never. On die other hand, thcomtical 
cmisiderations show that evolutionary change will still occur, in 
spite of wide di£Smmces in general niutation-^atc, provided that 
selection is operative. Thus it will be rare that lack of evolu- 
tionary change can be due to lack of raw niatcriak in the shape 
of mutations. 

So much for the possibility of a restriction of the raw material 
of variadop, through the differential frequency of mutation in 
various directions. Another restriction, of much niore frequent 
occurrence, is that of the utilizabUity of variation, through a 
differential effect upon the selective value of mutations in different 
directions. The former depends upon inherent properties of tlie 
germinal material; the latter upon die past history or^thc sp^cs, 
as embodied in its present organization, and upon its environ- 
ment. We have given examples of the relativity of evolutionary 
change to environmental conditions (p. 430). As an example of 
past history limiting the advantageous directions of change, we 
have already considered die effect of past specialization in 
favouring further change in the sanic direction and, inhibiting 
(t in other directions. The principle is, however, of wider 
application. Once a given structural plan has been evolved, it 
will be much simpler (1 use a shorthand mode of expression) 
to alter its parts quandtadvely or to adapt it to new functions 
than to evolve new organs. For this reason, the great mtyority 
of evoludonary changes of structure consist in clianges of pro- 
pordon only, one part or organ being enlarged, another reduced. 
To take a striking example, the adult echinoderms have never 
succeeded in escaping fully from their radial symmetry. Asym- 
metrical and bilateral forms have been evolved, but never full 
bilateraUty v/ith development of a head. Nmnerous other 
examples of structures altering their function during evoludon 
and of the past dictating the himts for the future (sec p. 500), 
will readily occur to the mind. An interesting minor one is the 
fact diat in groups with sporadic hearing, the evoludon of diis 
capacity in conjunction with that of funcdonal sound-producrion 
may be followed by the evoludon of a second distinct method 
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of soQiui-productiou. This has occurred in several loiigicorn 
beetles; and in one {Plagithysmus) two subsidiary methods have 
been evolved (see the Cambridge Natural History for details). 
Nuracrotts other examples of specialization in one type of scns> 
organ being followed in evolution by a series of allacsthctic 
acquisitions designed to stimulate that particular sense-organ, 
will occur to all biologists. Such restrictions, however, should 
strictly not be called orthogenetic. Tlicy arc radicr to be conr 
sidcred as eases of orthosclcctivc evolution (p. 500), but consc- 
quentid in die long range or historical sense (p. 545). 

The fact remains diat evolutionary ch.ingc is not completely 
at random. In the first place it is restricted environmentally, hi 
saying diis we are only reaffirming the fundamental Darwinian 
postulate of selection, for selection is always relative to the 
environment, bodi inorganic and biological. This relativity, how- 
ever, is so basic that it is often neglected: its importance is thrust 
upon our notice only when a climatic revolution takes place, 
or, more frequently, when there is some alteration in die bio- 
Ic^cal environment, as with the colonization of new areas 
where the balance of competitors or enemies is different. 

It is, however, also restricted on account of peculiarities in the 
evolving organisms. Such internal restriction operates in two 
ways, orthogenetically and historically. Both types of restriction 
may 'play either a dominant or a subsidiary role in evolution. 
The l^torical restrictions depend on the previous evolutionary 
history of the stock and its cfects on the machinery of selection. 
Dominant historical restrictions arise from what we may call 
the groove effect (p. 500), which Plate termed orthoselection: 
once adaptive spcciaUzatiou has begun in one direction it must 
become progressively harder, on the basis of the known facts 
of mutatitm, for selection to switch the trend onto another 
direction. Hie result is an apparait orthogenesis. Subsidiary (or 
ccHiscquential) historical restrictions simply make it easier for 
selection to act in certain ways tluui in others, while leaving the 
adaptive direction to be guided by selection. 

A special ease of subsidiary historical restriction is provided 
by the Baldwdn'md Lloyd-Morgan principle of Organic Selcc- 
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don, according to whidi an organism may in die first instance 
become adapted to an ecological niche merely by behaviour 
(whether goiedc or purely habitual) and any consequent non- 
heritable modificadons, after which mutadons for the kind of 
structural change suitalde to the pardcular mode of life will 
have a better chance of iieing selected. Where the modificadons 
arc extensive, the process of their replacements by mutadons 
may closely simulate lamarckism (pp. 1 14, 296, 304). The principle 
is an importwt one which would appear to have been unduly 
neglected by recent evoludonists. 

True orthogenedc restriedon depends on a restricjrion of the 
type and quandty of genedc variation. When domiiWt it pre- 
scribes the direction of evolution: when subsidiary \ it merely 
limits its possibilities. ^ 

Dominant historical restriction is common, dominant ortho- 
genetic restriction very rare, if indeed it exists at all. Subsidiary 
liistorical restriction is common. It may be important in barring 
certain major hnes of advance, but allows considerable freedom 
in the direction of adaptive specialization. Subsidiary orthogenedc 
restriction is probably frequent, but we are not yet able to be 
sure in most cases whether a limitation of variation as actually 
found in a group is due to a limitation in the supply of mutations 
or to selection, or to other causes. It is, however, certain that 
some mutational effects recur regularly in some aUied species, 
and probable that this phenomenon is widespread. This last 
fact may contribute to parallel evolution — a type of direc- 
tional change in which ordiogenetic and selectionist agencies 
arc combined. 

To sum up, the only important agency restricting the direction 
of evolutionary change is the historical one, leading to a purely 
apparent orthogenesis. The subsidiary restrictions arc truly sub- 
sidiary, in that the supply of variation remains sufficient to 
allow a degree of freedom in the direction of change which 
is always considerable and in certain cases at least appears 
to be, for all practical purposes of adaptive specialization, 
unlimited. 
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6 . CONSEQUENTIAL EVOLUTION: THE CONSEQUENCES OF 
DIEEBRENTUL ZiEVELOPMENT 

Under this head we may discuss types of trend which arc 
initiated or maintained with special readiness as a consequence 
of the way in which genes operate to produce their effect during 
development. 

Let us begin with an example neatly worked out by Haldane 
(1932a, p. 124; see also Castle, 1932), which demonstrates how 
the results of selection at one period of the life-cycle may have 
repercussions on other periods and affect the species and its 
evolution in unexpected ways. The phenomenon with which he 
deals is that of intra-uterine selection in mammals which arc 
polytocous, i.e. bring forth a number of young at one birth. 
Here there must be an intense pre-natal selection, since a con- 
siderable percentage of every litter dies in^utero. Rapidity of 
growth especially must be at a premium, since space and nutrition 
are limited, and any advantage gained by an embryo establishing 
itself early is likely to be of permanent advantage throughout 
the critical stages. 

Haldane suggests with some plausibility that any rapidity of 
pre-natal growdi thus acquired is likely to be transferred in whole 
or in part to post-natal life as well, and that intra-uterine selection 
may thus help to account for the progressive increase in size seen 
in so many mammalian lines during their evolution.^ 

At any rate, the converse seems to hold good, namely that on 

* This cannot be the only factor responsible for such trends towards evolu- 
tionary increase in bulk. For one thing, size-increase (up to a certain limit) 
must often be directly advantageous in its own right; and for another, the 
phenomenon occurs aho in other types, such as repSes, in which no phase of 
intra-uterine esdstence is passed throu^. It might be interesting to compare the 
rule of evolutionary size-increase in monotocous and polytocous pbcental types; 
but we could never be sure at what period a type which at present is mono- 
tocous had ceased to have litten of several young. Haldane himself in a later 
work (193^, p. X25) points out that a similar trend towards increased size will 
operate in polygamous spedes in which the males fight for the females. In the 
first case, inttt^xual sel^tion will operate to increase the size of the males; 
and then some of this increase in size will tend automatically to be transferred 
to the females (d*. Winterbottom, 1929 and 1932), so that the size of both sexes 
wiD tend to be pushed beyond the optimum, or what would be the optimum 
for other reasons. 
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Mxoant of intra-utorine sekction it would be impossible for a 
polytocous mammal to slow down its rate of development. One 
of ^e most cbaractetistic features of man, and one by which his 
capacity of learning is utilized to the fullest extent, is precisely 
such a slowing down of general rate of developmoit. Without 
it he could not in all probability have become fully human or 
biologically dominant. Judged by the law (which applies to most 
other mammals so far investigated) which regulates the amount 
of food consumed before the adult phase is reached, man’s 
immaturity has been lei^thened some sevenfold. This could not 
have occurred in a polytocous form. It was onlyUfter man’s 
ancestors ceased to have litters and began to bring forth a single 
young at a birth that the further evolution of man became 
possible. \ 

Further, this general slowing down had numerous corollaries. 
The typical adult human condition of hair on the head but 
almost complete absence of hair on the body is passed through 
as a temporary condition at about the time of birth by the anthro- 
poid ape. The hymen of the human female has been stated to 
represent the persistence of what in lower mammals is an 
embryonic stage in the development of the urino-genital system. 
Most striking of all, the general form of the human face and 
skull, with its absence of snout and of bony ridges on the cranium, 
is quite similar to that of the foetal or newborn ape, but quite 
dissimilar to that of die adult (see p. 555; and Bolk, 1926).* 

The general slowing down of man’s post-natal development 
is doubtless due in part to its possessing selective advantage. But, 
as Haldane points out, it may also be in part the indirect carry- 
over from a slowing of pre-natal development. In the circuni- 
stanii^es of andiropoid apes and of primitive sub-man a fodius is 
on the whole better nourished and less exposed to danger than 
a newborn infant, so that pre-natal slowing, with consequent 
prolongation of the intra-utcrine phase, is here advantageous in 

* The slowing is already marked in anthropoid apes, but not so extreme as in 
man. Spence and Yerkes (1937) show that whereas the percentage rate of in^ 
crease in bulk in domestic mammals and rodents varies from 4foo to i»2O0 per cent 
per annumoiuring the juvenile period; in the chimpanzee it is 21-27 per cent, 
and in man about 10 per cent. 
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l>olytocous imminals. (The non-black eye- and hair-colours 
(except red hair) of certain human ethnic groups appear also to 
be doe to a slowing of the processes concerned with melanin- 
deposition: McConaill and i^phs, 1937.) 

Tliis prolongation of a mote protected early phase may also 
apply to die larval period, for instance in insects with their 
coenogenedc larvae, which are often highly adapted to dieir 
secondly mode of life. One need only think of the mayfly with 
its imaginal phase reduced both in structure and in duration. 

Sometimes this reduction is carried to its logical extreme, and 
the adult phase is wiped out of the life-history by neoteny. This 
has demonstrably occurred in various beedes, and in the axolod. 
It has probably taken place in ourselves as well: there is every 
reason to suppose that our adult ancestors possessed heavy brow 
ridges and protruding jaws, and that our smooth for^eads and 
orthognathous faces represent primarily the prolongation into 
maturity of a foetal and neo-natal phase that we share with 
the apes. 

Haldane in an interesting paper (19326) discusses these and 
similar phenomena from the standpoint of the time of action of 
the genes controllii^ them. A more comprehensive view, how- 
ever, such as that adopted by de Beer (1940a), would include as 
still more important the genes’ rate of action. 

As A. R. Moore (1910, 1912) first suggested, and as Gold- 
schmidt (summarized 1927), Ford and Huxley (summarized 
1929), and others have conclusively shown, a large number 
(possibly the majority) of genes exert their effects through the 
mtermediarion of a process operating at a definite rate. They may 
be the direct cause of the process, or they may influence the 
rate of a process originated in some other way: in either case 
mutations in the genes concerned will alter the rate of some 
process of development. 

The speeds of processes which such rate-factors control arc 
not absolute, but relative — ^relative to the speed of other processes 
of development and of development in general. Further, it is 
found that a decrease in the rate of a visible process is in general 
accompanied by a deby in the time of its initial onset, and vice 
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versa. iTiis may be mcrdy a threshold effect, but clearly has 
important biological consequences, since it vnll affect die duration 
of any other characters vhich can only manifest themselves 
before the process vidbly manifests itself. 

Furthermore, such processes do not necessarily continue 
indefinitely. Often they reach an equilibrium; when this is so 
the final level of the equilibrium also appears to be correlated 
with die rate of the process. This is so, for instance, with eye- 
colour in Qammams (Ford and Huxley, 1929) and probably in 
man. The physiological basis of this fact is obsc^, but once 
more it may involve interesting biological coiuequences. In 
addition to such rate-genes, others are known which appear only 
to affect the time of onset of a process and not its rat 

Attempts have been made by representatives of me Morgan 
school (see e.g. Schultz, 1935) to minimize the importance of 
these discoveries, by asserting that they constitute only a 
re-description of old phenomena and add nothing truly new. 
On the contrary, I would maintain that the concept of rate-genes 
is as important for biology as is the concept of genic balance or 
the gene-complex. I need not go into its bearings upon physio- 
logical genetics — ^the problem of how the genes become translated 
into charaaers — save to say that it has in this field already proved 
itself an indispensable tool. Here we are concerned with its 
evolutionary implications (see also the excellent discussion in 
Goldschmidt, 1940, pp. 311 seq.). 

In the first place, since rate-genes are common, it is a legitimate 
provisional assumption that the rates of developmental processes 
in general are gene-controlled. Further, the simplification intro- 
duced into an analysis of development by the concept of relative 
rates of processes — exemplified by work such as Goldschmidt’s 
on intersexuality and other problems (summarized 1927), 
Huxley’s (1932) on the proportion of parts in animals. Ford and 
Huxley’s (1929) on rate-genes, and Sinnott’s (1935; Sinnott and 
Dunn, 1932, p. 341) on the role of rate-genes in deternrining 
fiuit-shape in plants — ^makes it desirable to try this key fint of 
all when attacking any developmental problem. 

Next, as Swinnertcm (1932) has stressed, a progressive muta- 
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ticmal dtange ia the speed of processes controlled by rate-genes 
affords a complete formal explanation of many paleonndogical 
data, e.g. in various molloscan shdls. 

It further affords an explanation certainly of most and prob- 
ably of all cases of so-calkd reversal of dominance. Hie classical 
example is that recorded by A. Lang (1908) in crosses between 
red- and yellow-shelled snails. The Fa when your^ showed a 
ratio of 3 yellow : i red, whereas in the older individuals the 
ratio was 3 red : i yellow. The explanation is that all those 
individuals ■with either one or two "red” genes eventually 
become red, but the rate at which this occun is reduced when 
the gene is present in single dose. For other examples sec p. 218; 
Goldschmidt (1927); Huxley and Ford (1929). 

It also helps us to understand the presence, the persistence, and 
the variability of vestigial organs. I may here cite a previous 
discussion of the subject (Huxley, 1932, p. 235): 

"As regards vestigial organs, the arm-chair critic often demands 
of the evolutionist how the last stages in their reduction could 
occur through selection, and why, if reduction has gone as far 
as it has, it could not go on to total disappearance. In the light 
of our knowledge of relative growth, we may retort that we 
would expect the organ to be formed of normal or only slightly 
reduced relative size at its first origin, but then to be rendered 
vestigial in the adult by being endowed with negative heterogony 
[allometry; sec Huxley and Teissier, 1936].'* If rate-genes are as 
common as they appear to be, then what we have called the 
line .of biological least resistance would be to produce adult 
vestigiality of an organ by reducing its growth-coefficient. So 
long as it is reduced to the requisite degree of insignificance at 
birth (or at whatever period a larger bulk would be deleterious), 
there is no need for reduction of its growth-rate to be pressed 
further. But the negative heterogony ■with which it is endowed 
will continue to operate, and it will therefore continue to grow 

* Needham and Lcnier (1941) have now proposed the term heterauxesis to 
supersede allometry in cases of true relative growth, reserving the latter tenn 
for commrison of relative proportions in different types. It will probably be best 
to use aUomorphosis for this latter use, keeping allometry as a general and inclusive 
term Q! 4 eewaa^ Huxley and Lcrncr, 1941). 
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rdativeiy smaller with inoease of absohite size. This last &ct 
may account for the apparently useless degree of reduction seen 
in some vest^ial organs, e.g. that of the ishak’s hind 4 imh. The 
d^ee of reduction may be useless conndered in relation to the 
adult, but the relative size in the adult may be merely a secondary 
result of the degree of negative heterogony need^ to get the 
organ out of the way, so to speak, b^ore birth. In addition 
threshold mechanisms will possibly be at work, so that the oig;an, 
after progressive reduction, evenmally disappears entirely. 

"In such cases quite small di&rences in growthiratio, if the 
range of absolute size over which they operate is considerable, 
will make quite large differences m final relative Wze, a fiu;t 
which indubitably will help to account for the h^;n variability 
of vestigial organs. Even when the organ itself never grows, as 
in the imaginal structures of insects with a metamorphosis, a 
similar degree of variability may be brought about by relatively 
small variations in the rate-genes responsible.** 

Consideration of the threshold-effect of any genes acting as 
rate-controllers for vestigial organs will also show that such 
organs must be unusually variable (op. cit., pp. 236-7), 

The concept of rate-genes indeed provides a great simplification 
of the facts of recapitulation and anti-recapitulation. Whenever 
the rate of a process is correlated writh time of onset and with 
final equilibrium-level, a mutation causing an increase in rate 
will produce recapitulatory phenomena — ^it will drive the visible 
onset of the process further back in ontogeny, wall add a new 
“hypermorphic’* character at the end of the process, and will 
cause all the steps of the original process to be recapitulated, but 
in an abbreviated form, during die course of the new process. 
This will account, for instance, for many of the recapitulatory 
phenomena seen in the suture-lines of ammonites (p. 507). 

Conversely, a mutation causing a decrease in rate will have 
anti-recapitulatory effects— it will prolong the previous phase 
longer in ontogeny, it wiU not only slow the process down but 
ren^r it “hypomorphic” by stopping it at a lower level of 
completion, and it remove certain previous adult characters 
and push them off the time-map of the life-history (see Huxley, 
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1932, pp. 23SH|o). Many of the phenomena of so-called “racial 
senescm^e" in ammonites, including the gradual uncoiling of 
the ^ell, may be due to phenomena of this type (p. 507). 
Swinnertxm (1938) has given numerous examples of processes 
of both types revealed in actual fossil lines^es. 

Haldane (1933} has drawn attention to a sdll further conse- 
quence of these facts, coupled with Fisher’s principle of the origin 
of dominance (p. 75). He begins with a reminder of Goldschmidt’s 
generalization that dominant alleles tend to promote not only a 
greater intensity of action, but one with a greater range both in 
space, over the organism’s body, and in time, during its develop- 
ment. (This “greater range in time’’ is a less accurate formulation 
of the principle of earlier onset of rate-genes promoting a greater 
speed of process, as found by Ford and Hmdey, 1929*) This, he 
then points out, will mean that even when homozygote and 
heterozygote are alike in the final suges there will be an early 
period in which the process involved is more advanced in the 
homozygote. Thus, "in so far as developmental abnormaUty is 
disadvantageous, the Fisher effect will always be tending to 
increase the activity of the genes’’, and so extending their action 
further and further back into ontogeny. Where the form of 
early stages is closely adaptive, as it must be in larvae, this back- 
ward spread of gene-effects concerned with adult characters will 
be checked by natural selection.* But where there is a sheltered 
embryo, its form vrill haw little survival value, and the process 
will tend to continue unchecked. This would promote phenomena 
of tach^^enesis and recapitulation, for many genes would tend 
originally to come into action rather late, but gradually to 
extend their activity back into ontogeny, so that the phylo- 
genedcally. older characters of the adult would tend to 
manifest themselves earlier in development, and tliis would 
be more prominent in forms with embryos than in those 
vdth larvae. This tendency may explain why recapitulatory 
phenomena appear to be commoner dian anti-recapitulatory. 

* Thiitconduskwi » borne out by the feet nientioncd by Ford (1937) that it 
is rare in Lepidoptera for nuitattoiis to aftcct the visible character of both the 
larva and the imago. 
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Castle (1932), fi;om his data on rabbits, has drawn general 
evolutionary conclusions sinular to Haldane’s. 

As de Beer (1930) has pointed out, when coenogmetic changes 
occur in the embryo or larva, die adult remaining unchanged, 
neither paleontology nor comparative anatomy would register 
any phylogenetic advance. But if now neoteny or foetalization 
occurs, the old adult characters may be swept off the map and 
be replaced by characters of a quite novel ty^. 

This prc^s, which he calls clandestine evolution, has been 
operative on a small scale in neotenous beedes a^ amphibia. 
Garstang (1922) has suggested that it has operated on a large 
scale in the ancestry of the vertebrates and of the ^tropods. It 
is in any case a principle of far-reaching importance.! 

A dear-cut example comes from the spedes of the snail Cepaea. 
It seems quite plain that their non-banded varieties are produced 
not because they contain a gene causiiig the total absence of 
pigment, but because they contain one which slowrs down 
pigment-formation and delays its visible onset relatively to 
general growth, to such an extent that groivth is completed 
before any p^ment can be formed. 1 

This is a comparativdy unimportant effect; but when major 
processes are affeded, such as metamorphosis, sexual maturity, 
or general rate of growth or development, the results may be 
far-reaching. Paedogenesis is caused by relative acceleration of 
the processes leading to sexual maturity. Neoteny in the axolod 
and presumably in insects is due to the slowing down of the 
processes leading to metamorphosis. The condition seen in man 
should not strictly be called neoteny, but rather foetalization or 
perhaps juvenilization: this would seem to be produced by a 
general slowing of developmental rate, rebtive both to time and 
to sexual maturity. 

The existence of rate-factors has a bearing upon the problem 
presented by apparently useless characters. For alterations in the 
rate of a process will often automatically produce a number of 
secondary and apparently irrelevant effects. These will persist 
if they arc harmless, or if any harmful effect is more than counter- 
balanced by die favourable effect of the initial change; and once 



EVOLUTIONARY TRENDS 533 

produced they may of course become utilized for other purposes. 
Numerous examples of sudi "correlated charactcn”, as Darwin 
called them, are now known (pp. i88 scq.). 

I win take a simple example from Gammams. The depth of 
colour of the eye depends essentiaUy upon the rate of deposition 
of melanin in an originaUy pure red eye. But the visible effect 
depends also on the size of the eye at a given time — when the 
eye is smaUer, the melanin is more crowded and the eye looks 
darker (Ford and Huxley, 1929). In point of fact depth of eye- 
colour has been found to be modified, first by genes controlling 
the rate of melanin-formation, secondly by genes controlling 
relative eye-size, and thirdly by genes controlling the rate of 
development of the whole organism. Thus a mutation a£fecting 
the relative rate of eye-growth will alter the depth of cyc- 
pigmentation. 

It would seem inevitable that many of the apparendy useless 
features used in diagnosing species arc correlated characters of 
this type. This may well prove to be the case ■with many of the 
pigmentary and other visible characters of the subspecies of 
Lymantria (p. 216; Goldschmidt, 1934). In cotton species {Gossy- 
pium) flower-colour, apparently owing to some underlying 
meubolic difference, has coroUa-jize as a correlate (Silow, 1941). 

Of course not all useless "correlated characters” need be 
dependent simply on alterations in the rate of a process. The 
white-eye series of mutants in Drosophila also cause alterations in 
the shape of the spermatheca and the colour of die testis-sheath. 
Ford’s analysis (1930) of Dobzhansky’s data has made it probable 
that while the eye-characters of the series have been selected 
against to make their expression recessive, no selection has been 
operative on the internal characters (p. 80), which would then 
'be mere correlates. Even here, however, it is probable that die 
diflerent eye-colours of the white series represent the cross- 
sections of a series of rate-curves. 

Important examples of correlated characters are the higher 
mental faculties of man. It is obvious that natural selection cannot 
have been operative dircedy in bringing about the evolution of 
intense musical or mathematical ability, or indeed of many 
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s]Mx;ifically human faculties. As H. S. Harrison (1936) puts it, 
writing as an anthropologist, “it seems clear, indeed, diat what- 
ever factors were concerned in die andent evolution of die 
modem type of man, die upper limits of his powers and aptitudes 
of mind were not determined by the stmggle for cxbtcnce”. 
Natural selection, however, could be and doubtless was operative 
in bringing about the evolution of speech and conceptual thought, 
with their corollaries of rational control in the practical sphere 
and frcedotii of association between the different compartments 
of mental powers. Once, however, this level of ihental attain- 
ment was reached, the so-called higher faculties \ immediately 
became possible. They arc implicit in the general wpc of brain 
organization required for speech and conceptual thought, and 
are therefore correlated characters in our sense. A somewhat 
similar ease from lower organisms is that of bird song. Un- 
doubtedly true song has important functions, notably as territorial 
threat and advertisement (Huxley, 1938c). But given the complex 
emotional make-up of song-birds, song is uttered in many circum- 
stances where it has other funaions or is even fuiicdonless, 
produced “for its own sake”. The sedge-warbler {Acrocephalus 
sdwenobaems) will sing as an expression of anger. Many birds 
sing as an expression of general well-being; the autumn reemd- 
esccnce of song in many species would seem to be due to this, 
and to have no function. The vocal mimicry of many birds 
would seem to be an entirely unsclcctcd resultant, wholly com- 
parable to human higher faculties. 

A peculiar correlated character is diat of human scapular 
shape, a convex iiuier border to the shoulder-blade being corre- 
lated witli general fitness and high expectation of life, and vice 
versa for a concave one (Graves, 1932). Here, however, die 
correlation is a comparatively low one. 

The development of correlated characters during evolution 
may stimulate orthogenesis One of die most apparendy con- 
vincing bits of evidence for die reality of orthogenesis was die 
discovery of Osborn (1929) and his school, that horns of the 
same type were evolved independendy, in the same region of 
the sk^, in four separate groups of titanodicres. Sturtevant 
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(1924)1 however, suggested dut characters of this sort might be 
conrelated charactets, and the study of relative growth (Huxley, 
1924; 1932, p. 218) has provided a simple explanatory basis for 
this view in tlm pardcular case. Hie horns of titanotheres are, 
like most horns, allometric, increasii^ in relative size with die 
absolute size of the animal, and not appcarii^ at all below a 
certain absolute size. We have only to postulate the potentiality 
of frontal horns in the ancestral titanothere stock, for their 
independent actualization in the dif&rcnt groups to become 
inevitable so soon as a certain threshold of body-size is reached. 
Increase of body-size is probably advamageous up to a limit; if so 
the horns are the useless correlate of a useful character. It would be 
more accurate to say initially useless, since presumably once they 
appeared they were employed in fighting* (and sec lootnotef ). 

The interesting analysis of Hersh (1934) has shown that 
evolutionary allometry can be quantitatively studied. Thus in 
titanotheres, the evolutionary development of hom-lcngth 
relative to basilar skull-length obeys the law of simple allometry, 
but with an unusually liigh equilibrium-constant or partition- 
coefficient {a~ about 9'o), He has furdier pointed out that, 
provided no change in growth-mechanism occurs during geo- 
logical time, the equilibrium-constant for the relative growth of 
an organ will be the same for the evolution of a stock as for the 
development of a single individual within die stock. 

Extrapolation of his curve indicates that the primitive titan- 
otheres of the Eocene should have horns about o* 5 mm. long— in 
other words, of inappreciable size; and this is actually the case. 

He also records the important fact that the equilibrium- 
constants for the relative growth of certain characters (c.g. 
zygomatic width and free nasal length relative to skull-length) 

^ The fact chat in rhinoceroses, horns appeared independently in three separate 
lines, but on diffmU regions of the head, is not to be explained either ortho- 
genetically or on the basis of simple allometry as in titanotheres* An allometric 
factor must presumably be involved, but also, it would apj>ear, a selective factor, 

t Hersh points out that while the horns originally appeared as correlated 
characters, presumably as a result of selection for increas^ general bulk, once 
they were established and were of use in fighting, selection for increased honn 
size might occur, and would then bring about increased bulk as a “correlated 
character*’ in its turn. 
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may chai^ at definite points in geological time, indicating 
changes (presumably mutational) in the underlying ontogenetic 
growth-mechanism at certain stag^ in the evolution of die group. 

According; to Robb (i935-6) face-length in horses shows the 
same growth-constant for its ontogenetic and {diylpgenetic 
allometry, so diat the phylogenetic chaise in skuU-proportiotu 
would be entirely consequential on general size-increase. How- 
ever, Reeve and Murray (1942) have shown that this is incorrect, 
the growth-constant changing during ontogeny from 1*5' to 
1.0, while the phylogenetic growth-constant for the more primi- 
tive genera is 1.8; thus in modem (hypsodont) iiorsc*s, lengthening 
of the face has been anticipated in early cmMyonic life. 
Robb furdier maintains that whereas digits ii and iv show 
the same sUghdy negative phylogenetic allometry in 3-tocd 
and i-toed forms, there is an abrupt change in the constant (b) 
defining the initial size of the-primordia. Hersh’s work on titano- 
theres indicates similar abrupt changes in the relative growth- 
constant a, as docs Reeve and Murray’s on the horse’s face: while 
Herzberg and Massler’s (1940) hn rodent incisors indicates a 
gradual increase in a during phylogeny. Thus studies, on relative 
growth sometimes lay bare the genetic mechanisms underlying 
evoludon. Similarly, related subspecies may differ either in 
their fc or a values for certain allonietric organs — e.g. the antennae 
of die amphipod Corophium volutator (Chevais, 1937). 

Detailed studies as to the different rate of change with time of 
various characters involved in a trend, such as that of Swinnerton 
(1921) on carboniferous corals, arc likely to throw considerable 
light on selection and on consequential evolution. 

AUometric growth is also without doubt the explanation for 
Lamcere’s and Geoffrey Smith’s rule, namely diat a large number 
of organs, all of them apparently allonietric in the individual, 
tend to be of larger relative size_in those species or genera of a 
group which arc of greater absolute size. This is most clearly 
shown in beedes, but appears also to exist in honiblUs, antcaters, 
and other forms (see Chanipy, 1924; Huxley, 1932, p. 212). 

Tliis principle has obvious taxonomic Iwarings. In the first 
place, percentage measurements of die pmportionate size of an 
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organ will have no diagnostic value unless either the organ is 
isometric, or there is not only a fixed adult phase (as in insects 
or higher vertebrates), but one with a restricted adult size-range 
(whi^ is not true in many insects, e.g. Lucanidae, and even 
some mammals, e.g. the red deer {Cervus elaphus), as discussed 
by Huxley (1932, pp. 42 and 205). For some of the taxonomic 
implications, see Klauber (1938) on relative head-length in 
rattlesnakes, and Swinnerton (1940) for shell-shape in Ostrea- 
G»7p/wea lineages (pp. 508, 515 11.). 

A recent important study of this question has been made by 
Reeve (1940) on the anteaters of the family Myrmecophagidae. 
These include three well-marked genera, Cyclopes, Tanumdua, 
and Mymecophaga, characterized by increasing size and increasing 
relative face-length, measurable by fiuial index (see Table). 



Adult 

Skull-length. 

^ . 1 - , Growth-coefficient (a) 

of MaxiUary Region. 

Cyclopes- . . 

4-5-5 cm. 

O’ 5 1*26 

Tatnandua . . 

13-14 cm. 

0-8 1*36 

Myrmecophaga 

36-38 cm. 

1-6 1-77 


The facial index is the ratio of maxilla length to rest-ofdcuU 
length. Cyclopes has a distinctly short face, while in the other 
two genera the snout region is very obviously elongated, excep- 
tionaUy so in Myrmecophaga, where the maxilla is over ii times 
as long as the rest of the skull. 

The degree of allometry in the snout was then found for each 
species by comparing skulls of different absolute sizes. It will be 
seen from the table that all three genera show positive allometry, 
though it is intensified with increase or absolute size.* This last 
feature is unusual, but is one which might be anticipated where 
we are dealing with sts^es in a trend towards a particular special- 
ization. 

Reeve shows that most, but not all, the differences in facial 

The between the growth-coefficient in Cyclopes and Tomondua is 

only doubtfi^y significant. 
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proportion and skull structure between the three genera, especially 
between the two small ones, are purely consequential on the 
differences in absolute size; and there is no ground whatever for 
the proposals that have been made by various systematists to 
erect a separate subfamily or even family for the reception of 
Cyclops, on the ground of its different facial proportions. 

Intraspecifically, too, the allometry principle has interesting 
taxonomic impHcations. Thus the genus Tanumdua has been 
divided by recent systematists into two species, includii^ nine 
subspecies, many of which latter have been erectied on the basis 
of differences in percentage snout-length. Reeve in a further 
analysis (1941) shows that this procedure is invalm, since many 
such percentage differences are purely consequendi^ on not very 
large difiEerences in absolute size. This entirely t;^ars out the 
warning given by Huxley (1932, p. 204, etc.) as to the preference 
of taxonomists for employing percentage rather than absolute 
size-differences in diagnosis. In any case, to erect subspecies on 
a few skulls (sometimes only one) which happen to show slight 
differences in proportion from the type, as has been done by 
e.g. Lonnberg (1937), is bound to lead to confusion. Doubtless 
geographical subspeciation will have occurred in these wide- 
ranging animals; but to establish the subspecies properly, absolute 
measurements, allometric constants, and pelage characters n^ust 
be taken into account as well as differences in proportion. 

Allometry has appUcadons even to craniometrical indices. In 
mammals increased dolicocephaly appears to accompany in- 
creased absolute skuU-size (Kappers, 1928). In man, this may also 
hold, though the evidence is more definite for increase of reladve 
skuU-hei^ht with absolute size (see Huxley, 1932, p. 220). 

A fact of considerable interest is that certain organs, notably 
the vertebrate brain, show difierent degrees of allometry intra- 
and inter-specifically (see full discussion in de Beer, 1940a). In 
the simple allometry formula, brain-weight = b (body-weight)*, 
the intraspecific value of the equihbrium-constant a hes between 
o* 22 and o- 27. This appears to be a consequence of the develop- 
mental facts that neuron-number is approximately constant 
widiin the species, and that increase of body-volume causes an 
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morease of neuron-volume whidi is somewhat less than propor- 
tional to the 1/3 power of body-volume, or in other words to 
the linear dimensions of the body, apparently on account of the 
linear increase in axon-length necessitated by increased body-size. 

A further fact is that the value of the equilibrium-constant for 
difierent-sized individuals is lower in domestic races than in 
wild species (though, of course, the size-range of the domestic 
forms will be much greater). Thus in wild Canidae the value 
is about 0'a6, in the domestic dog 0*22. This may perhaps be 
correlated with the different type of selection operating in the 
two cases, that for domestic races here being essentially concerned 
with size, irrespective of detailed physiological adjustments of 
the brain to a particular size. 

Interspecifically, the equiUbrium-constant is more than twice 
■as high, about o- 56. For this to be the case, it is necessary that 
more neurons as well as larger neurons should be present. The 
brain-volume is thus nearly proportional to the surface of the 
body. This must represent the optimal relation physiologically. 

Finally, there is the curious fact that the constant of initial 
proportion b varies from one group of species to another by 
whole-number multiples of -\/2. Dubois has suggested that this 
is due to the cerebral neuroblasts undergoing a different number 
of cell-divisions before finally differentiating. Whether this 
be true or not, we may be sure that the fact is consequential 
upon some ontogenetic process. 

Lumer (1940) has successfully appUed allometric analysis to 
the classification of the domestic breeds of dog (Cants familiaris). 
This enabled him in the first place to rule out the great majority 
of earlier classifications as being based solely on adult proportions 
(percentage ratios of various measurements). By plotting various 
absolute adult measurements of different-sized breeds on a double 
logarithmic scale, he obtained evolutionary growth-constants, 
as Hersh did with the titanotheres (p. 535), and he was then 
able to group the various breeds into six "allometric tribes”, 
each characterized by possessii^ a particular set of growth- 
coefficients. 

Difierent tribes may show the same growth-coefficients for 
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certain organs. Thus, for example, the terrier tribe (Alsatian, 
setter, poodle, fox-terrier, etc.), the bulldog tribe, the Great 
Dane tribe (with St. Bernard and Newfoundland) and the 
greyhound tribe (Borzoi, greyhound, whippet, etc.), have the 
following growth-coclFicicnts (<j), representing the skull’s growth- 
relations in length and in breadth respectively. 

Terriers. Bulldogs. Great Danes. Greyhounds. 
Snout leneth/lower jaw length i*ii 1*72 0*69 i-il 

Palate width/palatc Icngdi .. 0*69 0*24 I-I2 o-6o 

The greyhounds share with the terriers the lengm-relations of 
the snout, and presumably diverged later in respect of their width- 
relations. The other two groups have become more extreme in 
both relations, but in opposite directions. 

The measurements on wolves {Cams lupus) are interesting. 
For the snout-length/cranial-lei^th relation, the wolf stands at 
the intersection of the two main curves on to which all the 
forms (except the toy terrier) fall. For other measurements it 
usually conforms to the terrier or the Great Dane type. Though 
some of the results must be regarded as tentative, it seems clear 
that the form of domestic breeds is dependent on two main 
factors — ^first, mutations affecting the growth-coefficients of 
particular regions, and secondly, changes in proportions conse- 
quential on changes in absolute size. These changes will, of 
course, be quite different in the various tribes because of their 
dffierence in growth-coefficients. 

Size in snakes is correlated with the pattern of the scales. As- 
this is used for taxonomic diagnosis, the consequential effects 
of size-changes may be of systematic importance. Thus Stull 
(1940) describes inter-group dines in the genus Pituophis, involv- 
ing a progressive diminution in the number of scale-rows in 
passing outwards from the centre of distribution. In addition, 
other scale-characters are grad^ and the relative tail-length 
increases markedly. But all these characters appear to be directly 
consequential on decreased absolute length. In ^es {Catastomus) 
delay in development relative to growth leads to an increased 
number of scales (Hubbs, 1941). 
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It is in graieral &ir to state that change in absolute size is almost 
certain to produce numerous correlated changes in proportions. 
It is also true that change in relative size of an organ is quite 
likely to be accompanied by correlated changes in various of 
its own characters: this fact is illustrated by the antlers of deer 
(Cervidae) and the mandibles of stagbeetles (Lucanidae), where 
it has important taxonomic consequences in denying taxonomic 
validity to groups distinguished on the basis of the form of 
allometric organs (see Huxley, 1932, p. 204 seq.). In addition, 
continued increase in absolute size will so increase the relative 
size of an organ with well-marked allometry that it will even- 
tually approach the boundary of disadvantage. Selection may 
then operate to reduce its rate of growth and therefore its find 
size, or, if conditions alter rapidly, the organism may be caught 
napping in an evolutionary sense, and be extinguished. Such 
considerations would account for such apparent cases of ortho- 
genesis as the antlers of the Irish elk and the fantastic horns of 
some beetles (see Champy, 1924), as well as the limited size of 
certain types, such as Ae fiddler-crabs {Uca), where males 
weighing 17 g. have large claws three-quarters as heavy as the 
rest of the body (Huxley, 1932, pp. 32, 216). 

The principle also has practical implications, as to which I may 
again quote from a previous publication (Huxley, 1932, p. 88) : 

“Hammond (1928, see also 1921} has also shown that the growth- 
gradients in the limbs and elsewhere affect the muscles as well as the 
bones, so that the study is of practical as well as theoretical impor- 
tance. An important point made by Hammond may be given in 
his own words. 

“ ‘As the animal grows, it changes its conformation; at birth 
the calf or lamb is aU head and legs, its body is short and shallow, 
and the buttocks and loin are comparatively undeveloped; but, as 
it grows, the latter — ^buttocks, loin, etc. — grow at a tiistcr rate tiian 
the head and legs, and so the proportions of the animal charge. . . . 
The extent to which these proportions change determines its con- 
formation; foose which develop most for their age have the best 
meat conformation, while those which develop least have die 
worst. . . . Breed improvement for meat, therefore, means push- 
ing a stage further the natural change of proportion as the animal 
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matures. . . . The adult wild mouflon ewe is in its proTOttions 
but little in advance of the improved Suffolk lamb at birth, although 
it is much larger.’ 

“Thus it would appear that one of the chief advances made by 
man in creating improved breeds of sheep and other meat animah 
has been simply to steepen growth-gradients which already operate 
during post-natal development in the wild ancestral forms. Hammond 
himself (1928) has expressed a similar idea: ‘The improver of meat- 
producii^ animals has apparently not chosen mutations occurring in 
isolated points indepeiidcndy, but rather has based his selection on 
the generalized correlated changes of growth.’ ” 

McMcekan (i 940-1) gives a similar analysis fori the pig. 
Another case where alteration in the rate of processes may 
have results of taxonomic importance is found lin Hying-^fish 
(Exocoetidae). In certain species barbels are only prt^nt in young 
specimens. But the' size at which the barbel is lost varies very 
greatly, apparently owing to the time-relations of the process 
differing in different subspecies (Brunn, 1933, who quotes similar 
cases from other fish). 

A possible further consequential evolutionary result of mechan- 
isms regulating the proportion of parts I owe to a suggestion by 
Mr. Moy-Thomas. In standard textbooks it is customary to 
classify the extinct group of Palaeoniscoid fishes into two separate 
groups, the Palaeoniscidae and the Platysomidae. The only 
essential distinction between the two, however, is one of body- 
form, the former being elongated, the latter short and deep in 
body. In the course of their history, the two groups show parallel 
evolutionary trends. 

If the groups were truly distinct, of separate origin, this would 
be a remarkable case of parallel evolution. On the other hand, 
as D’Arcy Thompson (1917, Chap. 17) first showed, differences 
in body-form of even greater extent than those between these 
two groups can be brought about by quite simple geometrical 
transformations, and Hudey (1932) pointed out that the actual 
mechanisms of relative growth, in foe shape of growth-gradients 
or growth-fields of relatively simple conformation, pro'vide a 
biological basis for such transformations, since alteration in a 
growth-gradient would affect foe proportionate size of all foe 
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parts in whose growth it was concerned (see also Goldschmidt, 
1940, pp. 3 II seq.). 

An alternative hypothesis, therefore, is that the Palaconiscidae 
and the Platysomidae in reality constitute but one natural group, 
and that in every epoch two main types, elongate and deep- 
bodied, were evolved in relation to different modes of life. Only 
further study can decide between these two alternatives. 

Granted the basic growth-mechanism responsible for the spiral 
shells of gastropods (Huxley, 1932, Chap. 5), only a Umited 
set of shell-forms is available. Rensch (1934, p. 89) has collected 
interesting examples of the extraordinary convergence produced 
by this determinism of growth-mechanism in land-snails. 

The claim that the concept of rate-genes is as important as 
that of the gene-complex would thus seem to be justified. With- 
out the concept of the gene-complex we could obtain little 
insight into the intricate phenomena of genic balance or the 
puzzles of the evolution of dominance and recessiveness. Similarly 
the study of developmental processes controlled by rate-genes 
has illuminated the reversal of dominance, and the evolutionary 
aspects of recapitulation, of neoteny, foetalization, clandestine 
evolution, and apparently useless characters, as well as helping 
to a simpler understanding of the innumerable cases of quanti- 
tative evolution. 

7. OTHER CONSBQUENTIAI. EVOLUTIONARY TRENDS 

So far, we have been considering mainly the evolutionary 
effects of differences in rate of development, whether between 
different species, difierent variants of the same species, or difl&rent 
parts of the body. However, there are many other examples of 
consequential evolution. Let us begin with one from bony fish, 
which has been discussed by Moy-Thomas (1938). Here, the 
dermal bones of the skull appear to be determined primarily in 
relation to the system of sensory canals. Bones not formed in 
direa relation with the canal system are produced to fill gaps 
between the canals. The precise number of centres operative in 
such a gap varies (in relation to factors at present unknown, but 
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partly in relation to the size of the gap), so that the parietal 
region, for instwce, may be occupied by bones varying from one 
to four in number. The canal system is on the whole constant in 
plan throughout the class, but varies in the detail of position of 
its various parts. 

This will cause variation in the limits of particular bones, in 
the total number of bones determined in relation to the canal 
system, and in the size of the gaps to be filled by other bones. 
The parietal gap, for instance, is in some fish so much reduced 
that ^ere is no room for a separate centre in it, bid the parietal 
region is filled by a canal-determined bone, the supra-temporaL 

It is obvious that, in these circumstances, the classical concept 
of homology breaks down. We cannot expect to homologize 
individual bones throughout the class (see also Westoll, 1936). 
The evolution of the dermal bones of the fish’s skull is entirely 
consequential on the changes in detailed pattern of the sensory 
canal system. The interminable disputes of morphologists brought 
up in the post-Darwinian school, determined to discover precise 
correspondence between individual bones and to draw phylo- 
genetic conclusions firom their homologies, turn out to have no 
fiuxual basis. The right answer was difficult to find for the simple 
reason that the wrong question was asked. We are reminded of 
the fact pointed out by Jacques Loeb (see Loeb, 1912) that in 
embryo fish {Fundulus) the wandering pigment-cells eventually 
arrai^e themselves along the blood-vessels, so that the visible 
colour-pattern follows the pattern of the circulatory system. 

In the Malagasy insectivore Hemicentetes semispinosus an appar- 
ently adaptive reduction in tooth-size (p. 287) has certain 
consequential effects on skull-form (Butler, 1941)- It would 
be interestii^ to see whether such effects are general. 

An example of great evolutionary importance is that cited by 
Watson (1926) of the locomotion of vertebrates. Among fish, 
there arc two main types of lo£omotion — that of most tdeosts, 
in which movement is mainly restricted to the base of the tail, 
and that of various other forms, in which the whole body is 
markedly undulated. In this second group, the elasmobranchs 
hold their pectoral fins stifBy out, while the Dipnoi and Polyp- 
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tents and its relatives do not. Only from this last sub-type could 
the locomotion of the tailed Amphibia be derived. These were 
first aquatic, but even later their locomotion was "a swimming 
upon land” (but see the criticism of Moy-Thomas, 1934). This 
is an excellent example of what we may call historical evolu- 
tionary consequence, where the past history of an organism 
helps to determine its future mode of evolution. Some examples 
of this we have already mentioned (p. 522) under the head of 
historical restriction of variability. A striking case of this in the 
evolution of our own species is the effect of monotocy (p. 525). 
Our own evolution also provides an example of rather a different 
nature. The assumption of the erect posture at once converted 
many of our internal adjustnients into maladjustments. Here was 
an immediate consequential step; the incipient counteraction of 
these maladjustments is a further one. 

Sex has numerous consequential effects. In the first place, there 
is the tendency for characters acquired by one sex, e.g. by intra- 
sexual selection, to be transferred in whole or in part to the 
other (see Meisenheimer, 1921, chap. 23; Winterbottom, 1929, 
1932). This will in certain groups increase the amount of evolu- 
tionary diversification to be found between species. Conversely, 
the difference in internal environment provided by the two 
sexes may and frequently will give rise to sex-limited characters 
which are wholly non-adaptive at their origin, but may later 
be used as the basis for adaptive (e.g. epigamic) sex-limited 
charaaers (cf. discussion in C. and F. Gordon, 1940, who suc- 
ceeded in building up stocks of Drosophila with a non-adaptive 
but definite sex-limited female character — brown palp). 

Somewhat similarly, the sex-limited difference in hair-number 
varies considerably in different species of Drosophila (Madier, 
1941). Thus in D. melanogaster and in D. simutans females have 
rather more hairs than males, but in D. virilis many fewer. 

A very extraordinary case concerns the external genitalia of 
hyenas (see L. H. Matthews, I939i>). These are indistinguishable 
externally in males and non-parous females. Copulation, as a 
result, appears to be an elaborate and difficult feat. Matthews 
suggests (iiat this apparently dystelic state of affairs is the conse- 
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quence of some unusual upset of endocrine balance, the females 
having an excess of androgenic substances and presumably a 
deficiency of oestrogens. The condition is closely parallel to ^at 
seen in adrenal virilism in females of our own species. 

Empirical observation reveals numerous other peculiarities of 
organic construction which may form the basis for consequential 
evolutionary trends. 

In mammals, for example, the extremities ("points”: ean, 
limbs, mnzzle, and tail), either as a whole or in their terminal 
portions, are frequendy of a different colour from jthe rest of the 
body. This undoubtedly depends on a physiologic^ peculiarity 
of diese regions, namely their lower temperatme. Detailed 
studies have be«i made of the problem in the Hinmayan breed 
of domestic rabbit, which is white with black points (see Ujin, 
1931). The Himalayan pattern depends on an allele of the albino 
series whidi reduces the intensity of melanin-production. At this 
level of production, melanin can only be formed in regions 
below a certain critical temperature, hi normal animals, these 
regions exist only in the points; but by experimental procedure 
(shaving and subsequent exposure to cold) bbek hah can be in- 
duced in any region of the body. Thyroidizatkm also affects the 
reaction. The Siamese pattern in cats is similar (Iljin and Iljin, 1930). 

In the most general terms, the points provide a di&rential 
environment for the manifestation of pigmentation-genes; and 
when these are working close to a threshold level of production, 
differential effects are readily produced in these areas. The 
qinmtitative restriction of this or that type of pigmentation 
depends on quantitative reduction in the activity of the genes 
responsible; but its localized distribution depends on a differential 
pattern in the construction of the organism, providing different 
opportunities for gene-expression in different areas. 

The dorsal stripe present in so many breeds and species of 
mammals is doubtless a further example of the same principle. 
Numerous other examples may be found enumerated in works 
such as those of Haecker (1925, 1927).* 

* It is necessary on theoretical grounds to draw a sharp distinction between 
sudi cases, dependent on the general construction of the organism, and othen 
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The presence of such organizational patterns will result in a 
considerable amount of parallel evolution in regard to visible 
colour-pattern. 

Mammalian extremities (points) also react to temperature in 
another way, namely by enlarging at higher temperatures 
(p. 213). This is again very likely due to the increase in their 
heat-loss and die lowering of their intrhisic temperature at lower 
external temperatures. In any ease, this will account for a large 
number of parallel trends (character-gradients) affecting relative 
size of extremities, which arc found in nature. 

The most extensive type of organismal pattern is the organic 
gradient or as it is better styled gradient-field (Huxley, 1935). 
Although we arc still in ignorance as to the physiological basis 
of such gradients, they undoubtedly exist, and by providing 
differential environments for gene-expression, open the door to 
consequential evolution. Such gradients may be total, extending 
through the whole organism, or partial, extending through a 
single organ or region. 

The interesting effect of different regional gradients on pig- 
mentation is well shown in the zebras, in which the striping is 
always at right angles to the main axis of the region, whether 
trunk or limb. Where hind-limb area meets trunk area, inter- 
action of the stripe system occurs, giving curious patterns. These 
patterns differ from species to spedcs (see Hacckcr, 1927), doubt- 
less on account of slight differences in the form and relative 
intensity of the undcrlyii^ gradients. 

One of the most widespread results of the existence of such 
gradients is the common type of coloration in many vertebrates, 
which produces countcr-sliading svith dark back and light belly, 
fiillowing the main dorso-ventral gradient of the embryo. 
According to the mode of gene-expression, tlic dark may grade 
into the light or be sharply delimited, and according to tlic 

which depend on the existence of local 6 clds — c.g. the sharply delimited plumage^ 
fields of many birds (Hacckcr, op. cit.). These appear to have inoa‘ analogy 
with the localized morphogenetic ^'Ids into which the developing embryo 
bccontes divided, and which may persist into the adult, as revealed by regenera- 
tion experiments in tirodcles (references in Huxley and dc Beer 1934. Huxley; 
1935 ). 
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threshold of gene-activity, the light ventral area may be larger 
or smaller. Genetic analysis in rodents has revealed a series of 
alleles, whose differential effect within this gradient is quanti- 
tatively different. By alterii^ the direshold of gene-acdvity, 
uniformity of coloration from mid-dorsal to mid-ventral line 
may be established, and by special mechanisms the normal 
pattern may be reversed, as in the offensive skunks and Cape 
polecats and the well-defended ratels {Mephitis, Conepatus, 
Ictonyx, and MelUvora), in order to enhance instead of to reduce 
conspicuousness, or replaced by quite different tyjpes of patterns; 
but the existence of the gradient has provided \the basis for a 
great deal of parallel evolution in p^mentation dWacters. 

The phenomenon known as determinate variability also 
depends undoubtedly on the existence of organisnm or regional 
gradients. For instance, in the ladybird beetle Adalia frigida 
(2^apldn, 1930) all stages occur from unspotted through spotted 
to nearly uniform black types. There is, however, a regularity 
in the order in which the seven pairs of spots appear and in that 
ni which they arc subsequently joined. The gradient-field appears 
to be a complex one, and there is accordingly a certain amount of 
variability, but the general regularity is marked. 

Cause (1930) has made an interesting comparative study of the 
subjcrt in three species of the colcoptcran genus Phytodecta. All 
most commonly have five pairs of spots in a characteristic pattern 
on the elytra, but variants occur, especially in the minus direction. 
Variability in spot-number is least in P. rufipes, greatest in 
P. viminalis, with P. limaeanus in an intermediate position. This 
difference, however, depends on some relation between an 
antero-posterior gradient and the threshold for pigment-deposi- 
tion in the spot areas, since in all forms the anterior spots are 
rarely (or never) absent, but the posterior spots frequently, and 
increasingly so with increasing distance from the antdrior end. 
The threshold for invariable pigment-deposition (spot present 
in 99 per cent of cases or over) is halfway down the elytra in 
P. rufipes, so that three pairs of spots are always present; in 
P. Unnaeanus it is near the anterior end, leaving two stable paits, 
and in P. viminalis still more anterior, leaving only one invariable 
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pair of spots. This may be due either to alteration in the slope 
of the gradient or in the intensity of pigment-formation, or both. 
That the gradient is really a gradient-field and capable of altera- 
tions affecting spot-pattern is shown by a comparison of spot- 
frequency in P. Unnaeanus and P. viminalis. Whereas in die 
latter the facts can only be interpreted as the basis of a uniform 
gradient running diagonally firom the external anterior margin 
to the posterior point of junction of the elytra, the gradient of 
P. Unnaeanus must be more complex, starting as in P. viminalis, 
but in the posterior half of the elytra running out towards die 
external margin again. 

Thus the form of the gradient-field in the elytra has bodi 
general and special consequences, for the intra- as well as the 
inter-specific variation of the pigmentation of the genus. 

A related phenomenon occurs in the pluteus brvae of sea- 
urchins. The skeleton of the plutei belonging to various cchinoids 
of extremely different adult structure, and assigned to different 
suborders or even subclasses, is virtually identical. Von Ubisch 
(1933) suggests, on the basis of experimental analysis, that this 
is due to the existence of a general type of gradient-field deter- 
mining skeleton-formation, shared by most typical plutei, and 
that simple quantitative alterations in this would bring about 
strong similarity in skeleton, irrespective of common descent or 
adult resemblance, thus simulating orthogenesis. In a later paper 
(1939) he shows that cytoplasmic viscosity is the chief agent 
affecting the form of the larval skeleton. By treatments alterii^ 
viscosity, normally simple skeletons can be made more complex, 
and dien show a close resemblance to the normally complex 
skeletons of other forms. 

A slighdy different phcnomaion of the same sort occurs in 
anodier ladybird, Epilachna chrysomelina (Zarapkin and H. A. 
TimofiJefE-Ressovsky, 1932). Here tlie shape of single spots was 
studied. It was found that with increase in absolute spot-size 
(antcro-posterior length) most spots became increasingly elong- 
ated in form (higher ratio of lengdi to brcadtli). The degree to 
which this occurs, however, is much greater in some spots than 
in others, and may differ markedly even in neighbouring spots. 
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Hie gradient-field afiecting pigment-deposition must accordingly 
be distorted in different ways in different regions . 

A genetic difl^rence in spot-size will therefore bring about 
consequential differences in spot-form: such a difference was 
found to distinguish the races from Palestine and Corfu respec- 
tively. One spot (near the hind end of the elytra) was foimd to 
behave in a more complex manner, becoming first more and 
later less elongate with increase in absolute length. 

Similar studies made by R. H. Johnson (1910) on tlic entire 
family CoccineUidae, have shown that some intrinsic plan of 
organization (gradient-field) has important consdnuential effects 
on the evolution of pattern in the whole groim of ladybird 
beetles. A great volume of data on this and cogi^te subjects is 
discussed by Vogt and Vogt (1938). ^ 

Interesting work has also been done by Schwanwitsch (1924, 
1926) on the patterns of butterflies’ wings. He shows that in a 
large section of the Rhopalocera, all existing patterns can be 
derived firom an original prototype through the modification of 
different markings by a limited number of methods. Both the 
existence of the original prototypic pattern and the limited 
modes of its alteration operate to restrict the evolution of pattern 
in the group in a consequential way. 

Returning firom colour-patterns to other characters, we find 
that the existence of the abnormal condition of the head known 
as otocephaly is in guinea-pigs due to a combination of genetic 
and environmental factors acting upon the primary gradient of 
the embryo (or that of the organizer). Similarly the suppression 
of digits in the course of evolution in the guinea-pig family, and 
tlieir subsequent restoration by selective breeding (p. 501), 
appears not to have depended on genes acting on each digit 
separately or directly, but on genes affecting the general tendency 
of the limb primordium to break up into discontinuous parts 
(digits) at ;its distal end, by interfering with a controlling centre 
of the digit-forming field, situated on the post-axial side of the 
hand region of the limb-bud (discussion of both cases in S. 
Wright, 1934^, and of the latter in J. P. Scott, 1938). For instance, 
die same gene which in single dose tends to restore a normal 
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thumb, aad oiEten a normal little toe also, in double dose is lethal, 
but permits development to a st^e at which the embryo is 
seen to possess the rudiments of 8 to iz toes per foot. Further, 
one modifier was found which promoted the development of 
thumbs but inhibited the development of litde toes. This may 
most readily be interpreted as a gene steepening a gradient 
concerned with digit-separation, and running from the pre-axial 
to the post-axial side of die limb. 

An interesting consequence of serial repetition of structures 
such as teeth is mentioned by Gregory (1936). The mammalian 
tooth-series of course early becomes differentiated into markedly 
distinct subseries. But the fundamental seriadon, with its .capacity 
for more extended repetition, remains, and when a character 
is added in one subseries, “as in the case of new cusps in the 
premolars or new cuspules in the molars, the whole tooth-row 
ofren tends to be glossed over, so to speak, with the same surface- 
features, so that all the cheek-teeth, as in the horses, come to look 
amazingly like each other”. This phenomoion Gregory calls 
“secondary polyisomerism”; it frequendy imparts a quite decep- 
tive appearance of lack of differentiation, the new features which 
have spread over a large part of the series disguising the older 
characters differentiating the subseries. 

A curious consequential effect is the weakening of feadier- 
structure associated with the presence of red Upochrome pigment. 
This appears to be due to the inhibition of feather-differentiadon 
by lipochrome (Desselberger, 1930). The chief result is the 
reduction or loss of barbules, while the barbs fail to show full 
diderendadon into cordcal and medullary layers. 

In the barbets of the genus Lybius, black-, red- and white- 
headed forms are found. One of the last-mendoned, L. torquatus 
zombae, studied by Salomonsen (1938), appears to have been 
recently derived by mutadon (of at least two genes) from a red 
form (see p. 195). 

Red feathers, as we have seen, become worn much more 
rapidly and thoroughly than black; but the white feathers of 
zombae are so weak that they are almost pathological, the whole 
white pordon rapidly disappearing with wear. Apparendy, the 
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presence of lipochrome confers a certain degree of mechanical 
solidity. Thus in L. t. zomhae, die white feathers are doubly 
weak: they retain the weak structure characteristic of the red 
feathers firom which they have arisen, and also, dirough the lack 
of all lipochrome, the remaining structure is further weakened. 
In certain other white-headed Lybius, however, the white 
feathers are normal. Presumably other mutations have occurred 
which restore die normal feadier-structure. Salomonsen notes 
that some individuals of L. t. zombae have patches of normal 
white feathers on the head; possibly selection is alucady at work 
repairing some of the deleterious effects of the white mutations 
(cf. the similar “repair” of the St. Bernard dog; p.Wi). 

After this chapter was written, Goldschmidt (1940) published 
his Material Basis of Evolution, in which he pays considerable 
attention to the problem, devotit^ over 100 pages to' “evolution 
and the potentialities of development”. Already in 1920 he had 
recognized that “a change in the hereditary type can occur only 
within the possibilities and limitations set by the normal process 
of development”, and had illustrated the point at some length. 
In this latter work he restates the matter more positively, e.g. 
p. 322 : “What is called in a general way the mechanics of develop- 
ment will decide the direction of possible evolutionary changes. 
In many cases there will be only one direction. This is ortho- 
genesis without Lamarckism, without mysticism. . . .’ 

Among his examples we may cite a few. Where certain red 
p^ments normally occur in Lepidoptera, yellow varieties (aber- 
rations) occur, and white mutants may arise from the yellow 
forms (p. 12). This, however, is due to alteration in the rate and 
intensity of red pigment-formation (Ford, 1937). 

He. agrees that the demonstration of growth-gradients and 
groAvth-fields accounts for many examples of non-adaptivc 
variation, and lightens the burden on naturd selection by showing 
that numerous correlated chmgesin proportions will be expected 
to occur as the result of single mutations affecting the form of 
the growth-gradient.* 

* It is worth recalling that developmental processes -"lighten the burd^ on 
lutural selection” in a ntunber of other ways, though here by means of modifi- 
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Some of his most striking cases concern the morphogenetic 
effect of the ductless glands. For instance, once the thyroid has 
been evolved, certain changes in it will be expected to exert 
similar consequences in niunerous types. It is no accident that 
the thyroid is associated with metamorphosis not only in Am- 
phibia but in various fish such as eels, flounders, and mud-hoppers 
(Periophthalmus). In the last-named, the aquatic larva becomes an 
amphibious adult, but excess thyroid causes an intensification of 
all its adaptations to aerial existence, most notably in the pcaoral 
fins, which come to simulate a tetrapod limb (p. 277 ; Harms, 1934) . 

Again, achondroplasia and other peculiarities in size or propor- 
tions, which are certainly or probably dependent on endocrine 
changes and which occur as aberrations in man and other forms 
and as breed-types in dogs, goldfish, etc., arc closely similar to 
the normal condition in various wild species (short-legged 
carnivores, bulldog-faced fish, etc.). There is at least a pritna 
facie case for regarding the primary change leading to the evo- 
lution of these species as being similar to that involved in the 
production of the peculiar breeds and aberrations. On the other 
hand, there is no reason to suppose that the change in the wild 
species must have been abrupt, as Goldschmidt assumes. It is 
more likely to have been a gradual process, accompanied by 
buflering with modifiers (cf. our discussion of Stockard’s results 
with St. Bernard dogs, p. 71). It seems clear, however, that the 
endocrine system constitutes a "chemical skeleton” whose exist- 
ence and nature prescribes certain limits to, and certain favoured 
modes of, evolutionary change in its possessors. 

With the progress of what Haecker (1925) calls phenogenetics 
and of physiological genetics in general, numerous other examples 
will undoubtedly be unearthed in the most diverse groups of 

cation, not by consequential effects of the type we have here been discussing. 
I refer to the extraordinary functional adaptation of fine structure and often size 
seen in bones, tendons, blood-vessels, etc. (see discussion in Huxley and de Beer, 
1934, chap. 13, §§ 6, 7, pp. 431 seq.). These have frequently been held up as im- 
possible of explanation on a selectionist view. So they would be if they were the 
result of genetic adaptation; but all the details appear to be due to modifi- 
cational adaptation, produced anew by functional demands in each individual. 
The general framework is genetically adaptive, and so is the general capacity 
for reaction; the rest is modificational polish. 
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organisms. Wc are here concerned only to establish principles. 
It seems clear that the existence of organizational patterns in 
organisms, whether in the shape of general, regional, or local 
gradient-fields, or in some other form, will have consequential 
evolutionary effects. It will for one thing account for a great deal of 
otherwise mysterious parallel evolution, e.g. in pattern, in hom-de- 
velopment in titanotheres, in relative size of allometric organs, etc. 

Aggregation, as in social hymenoptera, can also be regarded 
as a type of organization, and may have important consequential 
effects. To take but one example, the wood-eating habits of 
primitive termites, so important for their evolultionary success, 
could, it seems, only have arisen in a social form. Fob their digestion 
of cellulose depends on the presence of symbiotic protozoa; and 
these are lost at each moult, so that reinfection cin only occur 
through association with other, non-moulting inmviduals (see 
discussion in Emerson, 1939). 

One might perhaps also include a category of historical conse- 
quential effects, as when types evolved in relation to one habitat 
manage to invade another. Thus, as Professor Salisbury informs 
me in a letter, various species of trees in the neotropical rain- 
forests are deciduous; and all are closely rented io deciduous 
temperate types. However, this is perhaps to extend the concept 
of consequential evolution too widely, until it becomes merged 
in the obvious fact that in evolution the present and future of an 
organic type is partly determined by its past. 

Examples such as those of social insects (pp. 480, 482), of 
certation in pollen (p. 481), of selection in abundant as against 
rare species, and of intra-uterine selection in polytocous mammals, 
show how the type and course of evolutionary trends may be 
altered according to the type of competition and selection at 
work. A somewhat similar consequential trend in this field 
concerns the effect of inter-male competition in birds and other 
groups. The result has been that-in general the males have become 
much more differentiated than the females, their secondary sexual 
chararters being usually striking and specifically distinctive; and 
further that some of this masculine diversification has dien been 
transferred to the females, although in them the characters are 
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functionless (see Darwin, 1871; Meisenheimer, 1921, chap. 23; 
Winterbottom, 1929 and 1932 ; Huxley, i938<i and fc ; and p. 545). 

The examples we have been considering in these sections show 
how the fact that most genes affect the rate, the time of onset, 
the duration, and the type of developmental processes, will pro- 
vide the raw material for trends involving progressive alteration 
in one or other of these factors of development. Since the raw 
material is so abundant, consequential trends of this sort voU be 
frequent. A description of some bearings of the subjea is given 
by Huxley (1932, Chap. 7), and hdler evolutionary discussion 
is given, not only by Goldschmidt (see above), but by Haldane 
in his previously cited paper (i932i), by de Beer (i94ofc),* and 
from the standpoint of physiological genetics by Waddington 
(1941 f>). The course of Darwinian evolution is thus seen as deter- 
mined (in varying degrees in different forms) not only by the 
type of selection, not only by the frequency of mutation, not only 
by the past history of the species, but also by the nature of the 
developmental effects of genes and of the ontogenetic process in 
general. 

Postscript. — ^Wcidenreich’s important recent paper (1941) 
deals with consequential trends in mammalian skulls, dependent 
upon brain-growth. The brain’s relative growth-rate is hgh in 
early embryonic life; in .most mammak, it later slows down 
markedly, and the high allometry of the face then comes into 
play. In dwarf domestic breeds and small wild species, facial 
allometry is checked early. There normally results not only a 
relative orthognathism, but ako absence of cranial superstriKture 
(sagittal crest, supra-orbital ridges, etc.), persistent cranial sutures, 
rounded palate, smaller teeth, often with simplified pattern, 
relatively wide cranial cavity (brachycephaly), etc.; in young and 
dwarf dogs, the frontals are almost entirely cranial, while in 
adult large dogs their major part is facial. Man, though not a 
dwarf species, shows the “dwarf ’’’type of skull. This is not due 
to the. retention of visible foetal characters, as postulated by 
Bolk (p, 526), but to the persistence into later stages of the brain's 
early high relative growth-rate. 
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I. IS EVOLUTIONARY PROGRESS A SCIENTIHC COi^CEPT? 

The question of evolutionary or biological progress remains. 
There still exists a very great deal of confusion among biologists 
on the subject. Indeed the confusion appears to be greater among 
professional biologists than among laymen. This is probably due 
to the common human failing of not seeing the wood for the 
trees; there are so many more trees for the professional!* 

The chief objections that have been made to employing 
progress at all as a biological term, and to the use of its correlates 
higher and lower as applied to groups of organisms, are as follows. 
First, it is objected that a bacillus, a jellyfish, or a tapeworm is as 
well adapted to its environment as a bird, an ant, or a man, and 
that therefore it is incorrect to speak of the latter as higher than 
nhe former, and illogical to speak of the processes leading to 
their production as involving progress. An even simpler objection 
is to use mere survival as criterion of biological value, instead of 
adaptation. Man survives: but so does the tuberde bacillus. So 
why call man the higher org^uiism of the two.^ 

A somewhat similar argument points to the fact that evolution, 
both in the fossil record and indirectly shows us numerous 
examples of specialization leading to increased efficiency of 
adaptation to this or that mode of life; but that many of such 

♦ For a fuller discussion of certain aspects of the problem sec Huxley, I923<i, 
1936, i94o;Wells, Huxley andWelk, 1930, Book 5, chap,,6, § 5. 
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spedaHzed lines become extinct, while most of the remainder 
teach an equilibrium and show no further change. 

Hiis type of objection, then, points to certain fundamental 
attributes of living things or their evolution, uses them as defini- 
tions of progress, and then denies that progress exists because 
they are found in all kinds of organisms, and not only in those 
that tihe believers in the existence of progress would call pro- 
gressive. 

A slightly less uncompromising attitude is taken up by those 
who adinit that there has been an inaease of complexity or an 
increase in degree of organization, but deny that this has any 
value, biological or otherwise, and accordingly refuse to dignify 
this trend by a term such as progress, with all its implications. 

Some sociologists, faced widi the problem of reconciling the 
objective criteria of the physical sciences with the value criteria 
with which the sociological data confronts them, take refuge in 
the ostrich-like attitude of refusing to recognize any scale of 
values. Thus Doob in a recent book (1940) vmtes: 

”In this way, the anthropologist has attempted to remove the 
idea of progress firom his disciplhie. For him, there is just change, 
or perhaps a tendency towards increasing complexity. Neither 
change nor complexity is good or bad; there are differences in 
degree, not in quality or virtue. . . . The sweep of historical 
progress reveals no progressive trend. ...” 

By introducing certain objective criteria into our defimtion of 
progress, as we do in the succeeding section, this objection can 
be overcome, at least for pre-human evolution. In regard to 
human evolution, however, as we shall see in the concludii^ 
section of this chapter, the nettle must be grasped,, and human 
values given a place among the criteria of human progress. 

The second main type of objection consists in showing that 
many processes of evolution are not progressive in any possible 
sense of word, and then drawing die conclusion that progress 
does not exist. For instance, niany forms of life, of which the 
brachiopod Lingula is the best-known example, have demon- 
strably remained unchanged for enormous periods of several 
hundreds of millions of years; if a Law of Progress exists, the 
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objectors ai^ae, how is it that sudi otgantsms arc eiccmpt from 
its operations? 

A variant of this objection is to draw attention to the numerous 
cases where evolution has Jed to d^eneradon involving a 
degradation of form and function, as in tapewomis, Sacaditu 
and other parasites, in sea-squirts and other sedentary forms: 
how, it is asked, can the evolutionary process be regarded as 
progressive if it produces degeneration? 

This category of objections can be readily disposed of Objectors 
of this type have been guilty of setting up an Aunt Sally of their 
own creation for the pleasure of knocking her down. They have 
assumed that progress must be universal and compmsory: when 
they find, quite correcdy, that universal and compulsory progress 
dots not exist, they state that they have proved that progress 
does not exist. This, however, is an elementary falla^. The task 
before the biologist is not to define progress a priori, but to 
proceed inductively to see whether he can or cannot find evidence 
of a process which can legitimately be called progressive. It may 
just as well prove to be partial as universal. Indeed, human 
experience would encourage search along those lines; the fact 
that man’s progress in mechanical arts, for instance, in one part 
of the world is accompanied by complete stagnation or even 
retrogression in other parts, is a famiHar fact. Thus evolution may 
perfectly well include progress without being progressive as a 
whole. 

The first category of objections, when considered closely, is 
seen to rest upon a similu fallacy. Here again an Aunt Sally has 
been set op. Progress is first defined in terms of certain properties : 
and then the distribution of those properties among organisms 
is shown not to be progressive. 

These procedures would be laughable, if they were not lament- 
able in arguing a lack of training in logical thought and scientific 
procedtire among biologists. (%ce more, the elementary &ct 
must be stressed that the only correa method of approach to . the 
problem is an inductive one. Even the hardened opponents of 
the idea of biological progress find it difficult to avoid speaking 
of higher and lower organisms, though they may salve their 
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consciences by puttmg die words between inverted commas. 
The unprejudiced observer will accordingly begin by examining 
various types of “so-called higher” organisms and trying to 
discover what characters they possess in common by which they 
dider from “lower” organisms. He will then proceed to examine 
the course of evolution as recorded in fossils and deduced from 
indirect evidence, to see what the main types of evolutionary 
char^ have been; whether some of them have consistently led 
to the development of characters diagnostic of “higher” forms; 
which types of change have been most successful in producing 
new groups, dominant forms, and so forth. If evolutionary 
progress exists, he will by this means discover its factual basis, 
and this will enable him to give an objective definition. 

2 . THE DEHNITION OF EVOLUTIONARY PROGRESS 

Proceeding on these lines, we can immediately rule out certain 
characters of organisms and their evolution from any definition 
of biological progress. Adaptation and survival, for instance, are 
universal, and are found just as much in “lower” as in “higher” 
forms: indeed, many higher types have become extinct while 
lower ones have survived. Complexity of organization or of 
life-cycle cannot be ruled out so simply. High types are on the 
whok more complex than low. But many obviously low organ- 
isms exhibit remarkable complexities, and, what is more cogent, 
many very complex types have become extinct or have speedily 
come to an evolutionary dead end. 

Perhaps the most salient fact in the evolutionary history of 
life is the succession of what the paleontologist calls dominant 
types.* These arc characterized not only by a high degree of 
complexity for the epodi in which they Hved, but by a capacity 
for branching out into a multipUdty of forms. This radiation 
seems alAvays to be accompanied by the partial or even total 
extinction of competing main types, and doubtless the one fact 
is in large part directly correlated with the other. 

In the early Paleozoic the primitive relatives of the Crustacea 

* For fuller summary, see WeUs, Huxley, and Wells (i93o)» Book 5 . 
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known as the trilobites were the dominant group. Tliese were 
succeeded by the marine arachnoids calkd sea-scorpi<»s or 
euiypterids, and they in turn by the armoured but jawless 
vertebrates, the ostracoderms, more closely related to lampreys 
than to true fish. The fish, however, were not far behind, and 
soon became the dominant group. Meanwhile, groups both 
from among the arthropods and the vertebrates became adapted 
to land life, and towards the dose of the Paleozoic, insects and 
amphibians could both claim the title of dominant groups. The 
amphibia shortly gave rise to the reptiles, mulch more fully 
adapted to land life, and the primitive early inlets produced 
higher types, such as beetles, hymenoptera ana lepidoptera. 
Higher insects and reptiles were the dominant land\ groups in the 
Mesozoic, while among aquatic forms the fish rl^mained pre- 
eminent, and evolved into more efficient types: from the end of 
the Mesozoic onwards, however, they show Uttle further chaise. 

Birds and mammals began their career in the Mesozoic, but 
only became dominant in the Ccnozoic. The mammals continued 
their evolution through the whole of this epoch, while the 
insects reached a standstill soon after its beginning. Finally man’s 
ancestral stock diverged, probably towards the middle of the 
Cenozoic, but did not become dominant imtil the latter part of 
the Ice Age. 

In diese last two cases, the rise of the new type and the downfall 
of the old was without question accompanied and facilitated by 
world-wide climatic change, and this was probably true for 
other biological revolutions, such as the rise of the reptiles to 
dominance. 

When the facts concerning dominant groups are surveyed in 
more detail, they yield various interesting conclusions. In the 
first place, biologists are in substantial agreement as to what 
were and what were not dominant groups. Secondly, some 
groups once dominant have become wholly extinguished, like 
the trilobites, eurypterids and ostracoderms, while others survive 
only in a much reduced form, many of their sub-groups having 
been extinguished, as with the reptiles or the monotremes, or 
their numbers enormously diminished, as with the larger non- 
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human placentals. Those which do not show reduction of one 
or the other sort have remained to all intents and purposes 
unchanged for a longer or shorter period of geological time, as 
with the insects or the birds. Finally, later dominant groups 
normally arise from an unspecialized hue of an earlier dominant 
group, as the birds and reptiles from among the early reptiles, 
man from the primates among the mammals (p. 525, footnote). 
They represent, in fact, one among many lines of adaptive 
radiation; but they differ from the others in contaming the 
potentiality of evolving so as to become dominant on a new level, 
with the aid of new properties. Usually the new dominance is 
marked by a fresh outburst of radiation: the only exception to 
this rule is Man, a dominant type which shows negligible radiation 
of the usual structurally-adapted sort, but makes up for its 
absence by the complexity of his social life and his division of 
labour. 

If we then try to analyse the matter still further by examining 
the characters which distinguish dominant from non-dominant 
and earlier from later dominant groups, we shall find first of 
all, efficiency in such matters as speed and the application of force 
to overcome physical limitations. The eurypterids must have 
been better swimmers than the trilobitcs, the fish, with their 
muscular tails, much better than either; and the later fish are 
clearly more efficient aquatic mechanisms than the earlier. 
Simikurly the earlier reptiles were heavy and clumsy, and quite 
incapable of swift running. Sense-organs also arc improved, and 
brains enlarged. In the latest stages the power of manipulation is 
evolved. Through a combination of these various factors man 
is able to deal with his environment in a greater variety of ways, 
and to apply greater forces to its control, than any other orgasm. 

Another set of characteristics concerns the internal environ- 
ment. Lower marine organisms have blood or body-fluids 
identical in saline concentrations with that of the seawater in 
which they live ; and if die composition of their fluid environment 
is changed, that of their blood changes correspondingly. Tlie 
higher fish, on the other hand, have the capacity of keepmg 
their internal environment chemically almost constant. Birds 
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and mammals have gone a step fiirthcr: diey can keep the 
temperature of their internal environment constant too, land so 
are independent of a wide range of external temperature change. 

The early land animals were Buxd with die problem of 
becoming independent of changes in the moisture-content of 
the air. This was accomplished only very partially by amphibia, 
but fully by adult reptiles and insects through the development of 
a hard impermeable covering. The freeing of the young verte- 
brate from dependence on water was more difficult. The great 
majority of amphibians are still aquatic for the ^rUer part of 
their existence: the elaborate arrat^ements for Wdering the 
reptihan egg cleidoic (J. Needham, 1931, pp. 1132 seq.) were 
needed to permit of the whole life-cycle becoming truly 
terrestrial. 

There is no need to multiply examples. The distinguishing 
characteristics of dominant groups all fall into one or other of 
two types-rthose making for greater control over the environ- 
ment and those making for greater independence of changes in 
the environment. Thus advance in these respects may pro- 
vicionally be taken as the criterion of biological progress. 

3. THE NATURE AND MECHANISM OF EVOLUTIONARY 
PROGRESS 

It is important to realize that progress, as thus defined, is not 
the same as specialization. Specialization, as we have previously 
noted, is an improvement in efficiency of adaptation for a 
particular mode of life: progress is an improvement in efficiency 
of living in general. The latter is an all-round, the former a 
one-sided advance. We must also remember that in evolutionary 
history we can and must judge by final results. And there is no 
certain case on record of a line showing a high degree of special- 
ization giving rise to a new type. All new types which themselves 
are capable of adaptive radiation seem to have been produced 
by relatively unspecialized ancestral lines.* 

* If Garstang*5 suggestion be true (see p. 532) that **clandcstme evolution” 
has enabled new large-scale radiations to start by utilizing a larval organization 
and driving the addt organization off the stage, v^e luve here an apparent 
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Looked at from a slightly difierent angle, we may say that 
progress must in part at least be defined on the basis of final 
results. These results have comistcd m the historical fact of a 
succession of dominant groups. And the chief characteristic 
which analysis reveals as having contributed to the rise of any 
one of these groups is an improvement that is not one-sided but 
all-round and basic. Temperature-regulation, for instance, is a 
property which af^cts almost every function as well as enabling 
its possessors to extend their activities in time and their range 
in space. Placental reproduction is not only a greater protection 
for the young — z placental mother, however hard-pressed, 
cannot abandon her unborn embryo — ^but this additional protec- 
tion, together with the later period of maternal care, makes 
possible the extension of the plastic period of learning wliich 
then served as the basis for the further continuance of progress. 

It might, however, be held that biological inventions such as 
the Imig and cleidoic shelled egg, which opened the world of 
land to die vertebrates, are afrer all nothing but specializations. 
Are they not of the same nature as the wing which unlocked the 
kingdom of the air to the birds, or even to the degenerations 
and peculiar physiological changes which made it possible for 
parasites to enter upon that hitherto inaccessible habitat provided 
by the intestines of other animals.^ This is in one sense true; but 
in another it is imtrue. The bird and the tapeworm, although 
they did conquer a new section of the environment, in so doing 
were as a matter of actual fact cut off from further progress. 
Theirs was only a specialization, though a large and notable one. 
The conquest of the land, however, not only did not involve 
any such limitations, but made demands upon the organism 
which could be and in some groups were met by further changes 
of a definitely progressive nature.* Temperature-regulation, for 

exception. It is only fair to say, however, that this view is still highly speculative, 
and that in any case we would presume that a relatively unspectalued larval 
type would have served as the new starting-point. 

. * Morley Roberts (1920, 1930, etc.) gives numerous interesting examples in 
whidi new and in a sense abnormal demands uimn org;anisms result evwtually 
in adjustments which are more or less adaptive in relation to the new situatira. 
Unfortunately he postulates a lamarddan transmission of modifications udntii 
vitiates or obscures much of his evolutionary discussion. 
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instance, could never have atuen dirough natural selection except 
in an environment with rapidly-changing temperatures: in the 
less changeable waters of the sea the premium upon it would 
not be high enough.* The same is true for curythenny (p, 444). 

Of course a progressive advance may eventually come to a 
dead end, as has happened with the insects, when all die biological 
possibilides inherent in the type of organizadon have been 
exploited. From one point of view it might be permissible to 
call such a trend a long-range specializadon; but it would appear 
more reasonable to style it a form of progress, albeit one which 
is destined eventually to be arrested. It is limitedlas opposed to 
unlimited progress. \ 

A word is needed here on the restricted nature! of biological 
progress. We have seen that evoludon may involve downward 
or lateral trends, in the shape of degeneration or certain forms of 
specializadon, and may also leave certain types stable. Further, 
lower types may persist alongside higher, even when the lower 
are representadv«i of a once-dominant group that includes the 
higher types. From this, it will first be seen, as wc already men- 
doned, that progress is not compulsory and universal; and 
secondly that it will not be so marked in regard to the average 
of biological efficiency as to its upper limit. Progress, in other 
words, can most readily be studied by examining the upper 
levels of biological efficiency (as determined by our criteria of 
control and independence) attained by life at successive periods 
of its evoludon. 

For this, during the earlier part of life’s history, we must rely 
upon the indirect evidence of phylogeny, drawn from com- 
paradve morphology, physiology, and embryology, while for 
the last thousand million years this is further illuminated by the 
light of paleontology, with its direct evidence of fossils. 

We have thus arrived at a definidon of evoludonary progress 
as consisting in a raising of the upper level of biological efficiency, 
this being defined as increased control over and independence of 

♦ Once evolved on land, however, it proved its value even in the sea, as 
evidenced by the success of the Cetacea and other secondary aquatics among 
mammals (see p. 452). 
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the environment* As an alternative we might define it as a 
raising of the upper level of all-round fimctional efficiency and 
of liarmony of internal adjustment, f 
Hiis brings us to a fiirdbcr objection which is often raised to 
the idea of progress, namely, that it is a mere anthropomorphism. 
This view asserts that we judge animals as higher or lower by 
their greater or lesser resemblance to ourselves and diat we give 
the name of progress to die evolutionary trend wliich happens 
to have culminated in ourselves. If we were ants, the objectors 
continue, we should regard insects as the highest group and 
resemblance to ants as the essential basis of a “high” organism: 
while if we were eagles our criterion of progress would be an 
avian one. 

Even Haldane (1932a, p. 153) has adopted this view. He writes, 
“I have been using such words as ‘progress', ‘advance, and 
‘degeneration', as I think one must in such a discussion, but 1 
am well aware that such terminology represents rather a tendency 
of man to pat himself on the back than any dear scientific dunk- 
ing. . . . Man of to-day is probably an extremely primitive and 
imperfect type of rational being. He is a worse animal dian the 

monkey We must remember that when we speak of progress 

in Evolution we are already leaving the relatively firm ground 
of scientific objectivity for the shifting morass of human values.” 

Tliis I would deny. Haldane has neglected to observe that 
man possesses greater power of control over nature, and Hves 
in greater independence of hb environment than any monkey. 
The use of an inductive method of approach removes all force 
from such objections. The definitions of progress that we were 
able to name as a result of a survey of evolutionary facts, though 
admittedly very general, are not subjective but objective in their 
character. That the idea of progress b not an anthropomorphbm 
can immediately be seen if we consider wliat views would be 
taken by a philosophic tapeworm or jellyfish. Granted that such 
organbms could reason, they would have to admit that they 

* Herbert Spcnccr recognized the importance of increased independence as 
a criterion of evolutionary advance; see references in Needham (i 937 )' 
t See also R.W. Gerard (1940), “Organism. Society, and Science”, Sri. Mo., 

50 : 340. 
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were neither lioininant types, nor mdowed with any potentiality 
of further advance, but dut one was a degenerate blind alley, 
the other a specialization of a primitive type long left behind 
by more successful forms of life. And die same would be equally 
true, though not so strikingly obvious, of ant or eagle. Man is 
the latest dominant type to be evolved, and this being so, we arc 
justified in calling the trends which have led to his development 
progressive. We must, however, of coarse beware of subjectivism 
and of reading human values into earlier stipes of evolutionary 
progress. Human values are doubtless essential entetia for the 
steps of any future progress: but only biological vuues can have 
been operative before man appeared. \ 

Hie value of such a broad biological definition of progress 
may be illustrated by reference to a recent definiti<^n of human 
progress by Professor Gordon Childe (1936). Professor Childe, 
too, is seeking for an objective criterion for progress; but the 
criterion he adopts is increase of numbers. Quite apart from the 
logical difficulty that increase in population must, on a finite 
earth, eventually approach a limit, it is clear that this criterion 
is at once invalidated by the facts of general biology: 

There are many more of various common plankton organisms 
than of men or of any bird or mammal. There are in aU probability 
many more houseflies than human beings, more bacteria, even 
of a single species, than of any metazoan. If we apply our criterion 
of mcreased control and independence, we see that it would be 
theoretically quite possible (though difficult with our present 
type of economy) to obtain progressive changes in human 
civilization with an accompanying decline in population. 

Here let me interject a forthcr word concerning objective and 
subjective criteria for progress. As regards human progress, it 
is dear that subjective criteria cannot and should not be neglected; 
human values suid feelings must be taken into account in decidii^ 
on the future aims for advance? But in comparing human with 
pre-human progress, we must clearly stick to objective standards. 
I would thus like to make a distinction between biological or 
evolutionary progress and human progress. The former is a 
biological term with an objective basis: it includes one aspect of 
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human progress. Human progress, on the other hand, has con- 
notations of value as well as of efficiency, subjective as well as 
objective criteria.* 

Returning to biology, we may sum up as follows. Progress is 
all-rotmd biological improvement. Specialization is one-sided 
biological improvement: it always involves the sacrificing of 
certain organs or functions for the greater efficiency of others. 
It is the failure to distinguish between these two types of evo- 
lutionary process that vitiates the generalizations of many 
biologists (e.g. Hawkins, 1936). 

Degeneration is a form of specialization in which the majority 
of the somatic organs are sacrificed for greater efficiency in 
adaptation to a sedentary or a parasitic Ufe. Locomotor organs 
disappear, sensory and nervous systems are much reduced, and 
in parasites the digestive system may be abolished. Reproductive 
mechanisms, however, may be inordinately specialized, as in 
certain parasites. 

Besides these types of evolutionary process, we may have 
stability, as in the lamp-shell Lingula, or in ants during most of 
the Cenozoic epoch. Stable types are presumably either extremely 
well-adapted to a permanent biological niche or have reached 
the limit of specialization or of progress possible to them. 

Finally, we may have the type of evolutionary trend best 
known among the Ammonites, of increasing complication 
followed by simplification. This we have already discussed in 
our section on orthogenesis. 

A possible method of evolutionary escape firom specialization 
is afforded by changes in rate of sexual matiurity relative to 
general development, leading to neoteny or foetalization, as 

* On the other hand, to confine the term prtfgress entirely to human ai&in, 
and to contrast it with euclution in pre-human history, as docs Marett (i933» I939), 
is to restrict the meaning of progress unduly, while distorting that of evolution. 
On diree successive pages Marett describes or defmes progress in three different 
ways: (i) the moral of human history and pre-history would seem to be that 
“progress in the direction of the spiritual is implicit in normal human endeavour”, 
(a) Progress in spirituality in the future “may be conceived in terms of the 
greatest self-realization of the greatest number”. ( 3 ) “Real progress is progrws 
in charity.” It should be clear how important it is to give greater universality 
and concreteness to the idea of progress by considering human progress as a 
special case of biological progress. 
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discussed in a previous chapter (pp. 526 £, 555). This may 
abolish a specialized adult phase and give the opportunity for the 
progressive evolution of a new generalized type. 

As revealed in the succession of steps that have kd to new 
dominant types, progress has taken diverse forms. At one stage, 
the combination of cells to form a multicellular individual, at 
another the evolution of a head; later the development of lungs, 
still later of warm blood, and finally the enhancement of intel- 
ligence by speech. But all, though in ciuiously different ways, 
have enhanced the organism’s capacities for control and for 
independence; and each has justified itself not only in immediate 
results but in the later steps whidi it made possible. 

We have now dealt with the fact of evolutionary progress, 
and with the philosophical and biological difficulties inherent 
in the concept. What of its mechanism? It should be clear that 
if natural selection can account for adaptation and for long-range 
trends of specialization, it can account for progress too. Pro- 
gressive changes have obviously given their owners advantages 
which have enabled them to become dominant. Sometimes it 
may have needed a climatic revolution to give the progressive 
change full play, as seems to have been the case at the end of the 
Cretaceous with the mammal-reptile differential of advantage; 
but when it came, die advantage had very large results — whole- 
sale extinctions on tlie one hand, wholesale radiation of new 
types on the other. It seems to be a general characteristic of 
evolution tliat i^ each epoch a minority of stocks give rise to the 
majority in the next phase, while conversely the majority of the 
rest become extinguished or arc reduced in numbers. 

There is no more need to postulate an ilan vital or a guiding 
purpose to account for evolutionary progress than to account 
for adaptation, for degeneration or any other form of spcciaU- 
zation.* 

One point is of importance. "Although we can quite correctly 
speak of evolutionary progress as a biological fact, this progress 

* A small minority of biologists, such as Broom (1933), still fed impelled 
to invoke “spiritual agencies” to account for progressive evolution, but their 
number is decreasing as the implications of modem selection theories arc grasped. 
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is of a particular and limited nature. It is, as we have seen, an 
empirical fact that evolutionary progress can only be measured 
by the upper level reached: for the lower levels arc also retained. 
This has on numerous occasions been used as an argument against 
the existence of anything which can properly be called progress; 
but its employment in this connection is fallacious. It is on a par 
with saying that the invention of the automobile does not repre- 
sent an advance, because horse-drawn vehicles remain more 
convenient for certain purposes, or pack animals for certain 
localities. A progressive step in evolution will normally and 
probably invariably bring about the extermination of some types 
at a lower level; but the variety of environments and of the 
available modes of filling them is such that it is extremely 
unlikely to exterminate them all. The fact that protozoa should 
be able to exist side by side with metazoa, or a considerable 
army of the '^defeated” group of reptiles together with their 
mammalian ^^conquerors’^ is not in any way surprising on 
selectionist principles: it is to be expected. 

4. THE PAST COURSE OF EVOLUTIONARY PROGRESS 

One somewhat curious fact emerges from a survey of biological 
progress as culminating for the evolutionary moment in the 
dominance of Homo sapiens. It could apparently have pursued no 
other general course than that which it has historically followed: 
or, if it be impossible to uphold such a sweeping and universal 
negative, we may at least say that among the actual inhabitants 
of the earth, past and present, no other lines could have been 
taken which would have produced speech and conceptual 
thought, the features that form the basis for man^s biological 
dominance.* 

Multicellular organization was necessary to achieve the basis 
for adequate size : without triploblastic development and a blood- 
system, elaborate organization and further size would have bec?i 
impossible. Among the coelomates, only the vertebrates were 
eligible as agents for unlimited progress, for only they were able 
* So far as I am aware, this was first emphasized by Huxley, 1936* 
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to adiievethe combination of active efficiency, size, and terrestrial 
existence on v^duch the later stages of progress were of necessity 
based. Only in the water have the moDuscs adiieved any great 
advance. The arthropods are not only hampered by their necessity 
for moulting; but their land representatives, as was first pointed 
out by Krogh, arc restricted by their tracheal respiration to very 
small size. They are therefore also restricted to cold-bloodedness 
and to a reliance on instinctive behaviour (see discussion in 
Wells, Huxley and Wells, 1930, Book 5, chap. 5, § 7). Lungs 
were one needful precursor of intelligence. W«rm blood was 
another, since only with a constant internal environment could 
the brain achieve stability and regularity for its finer functions. 
This limits us to birds and mammals as bearers of the torch of 
progress. But birds were ruled out by their deprivh^g themselves 
of potential hands in favour of actual wings, and perhaps ^o by 
the restriction of their size made necessary in the interests or flight. 

Remain the mammals. During the Tertiary epoch, most 
mammalian lines cut themselves off from the possibility of 
ultimate progress by concentrating on immediate spcciahzation. 
A horse or a lion is armoured against progress by the very 
efficiency of its limbs and teeth and sense of smell: it is a hmited 
piece of organic machinery. As Elliot Smith has so fully set 
forth, the penultimate steps in the development of our human 
intelligence could never have been taken except in arboreal 
ancestors, in whom the forelimb could be converted into a hand, 
and sight inevitably became the dominant sense in place of smell 
But, for the ultimate step, it was necessary for the anthropoid 
to descend from the trees before he could become man. This 
meant the final liberation of the hand, and also placed the evolving 
creature in a more varied environment, in which a higher 
premium was placed upon intell^ence. Further, the foctalization 
necessary for a prolonged period of learning could only have 
occurred in a monotocous species (pp. 525, 555; Haldane, I932d, 
p. 124; Spence and Yerkes, 1937). Weidenrcich (1941) main- 
tains that the attainment of the erect posture was a necessary 
prerequisite for the final stages in human cerebral evolution. 

The last step yet taken in evolutionary progress, and the only 
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one to hold out the promise of unlimited (or indeed of any 
further) progress in the evolutionary future, is the degree of 
intelhgence v(rhich involves true speech and conceptual thought: 
and it is found exclusively in man. This, however, could only 
arise in a monotocous mammal of terrestrial habit, but arbored 
for most of its mammalian ancestry. All other known groups of 
animals, except the ancestral line of this kind of mammal, are 
ruled out. Conceptual thought is not merely found c'^’clusively 
in man: it could not have been evolved on earth except m man. 

Evolution is thus seen as a series of blind alleys. Some are 
extremely short — ^those leading to new genera and species that 
either remain stable or become extinct. Others are longer — ^the 
lines of adaptive radiation within a group such as a class or sub- 
class, which run for tens of millions of years before coming up 
against their terminal blank wall. Others are stiU longer — the 
lines that have in the past led to the development of the major 
phyla and their highest representatives; their course is to be 
reckoned not in tens but in hundreds of millions of years. But 
all in the long run have terminated blindly. That of the echino- 
derms, for instance, reached its climax before the end of the 
Mesozoic. For the arthropods, represented by their highest 
group, the inseas, the full stop seems to have come in the eariy 
Cenozoic: even the ants and bees have made no advance since 
the Oligocene. For the birds, the Miocene marked the end; for 
the iiummals, die Pliocene. 

Only along one single line is progress and its future possibiUty 
being continued — the line of man. If man were wiped out, it 
is in the highest degree improbable that the step to conceptual 
thought would again be taJten, even by his nearest kin. In the 
ten or twenty miUion years since his ancestral stock branched off 
from the rest of the anthropoids, these relatives of his have been 
forced into their own lines of specialization, and have quite left 
behind them that more generali^d stage from which a conscious 
thinking creature could develop. Although the reversibility of 
evolution is not an impossibility per se, it is probably an actual 
impossibility in a world of competing types. Man might con- 
ceivably cause the capacity for speech and thought to develop by 
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long and intensive selection in the progeny of chimpanzees or 
gorillas; but Nature, it seems certain, could never do so. 

One of the concomitants of organic progress has been the 
progressive cutting dovm of the possible modes of fimher 
progress, until now, after a thousand or fifteen hundred million 
years of evolution, progress hangs on but a single thread. That 
thread is the human germ-plasm. As ViUiers de Tlsle-Adam 
wrote in L’Eve Future, “L’Homme . . . seul, dans I’univers, 
n’est pas fihi.” 

5. PROGRESS IN THE EVOLUTIONARY FUTURE 

What of the future ? In the past, every major step in evolutionary 
progress has been followed by an outburst of change. For one 
thing the familiar possibilities of adaptive radiation may be 
exploited anew by a number of fresh types which dominate or 
extinguish the older dispensation by the aid of the new piece of 
organic machinery which they possess. Or, when the progressive 
step has opened up new environmental realms, as was the case 
with lungs and the shelled egg, these are conquered ajid peopled; 
or the fundamental progressive mechanism may itself be improved, 
as was the case with temperature-regulation or the pre-natal 
care of the young in mammals. 

Conscious and conceptual thought is the latest step in life’s 
progress. It is, in the perspective of evolution, a very recent one, 
having been taken perhaps only one or two and certainly less 
than ten million years ago. Although already it has been the 
cause of many and radical changes, its maiti effects are indubitably 
still to come. What will they be ? Prophetic phantasy is a danger- 
ous pastime for a scientist, and I do not propose to indulge it 
here. But at least we can exclude certain possibilities. Man, we 
can be certain, is not within any near future destined to break 
up into separate radiating lines. For the first time in evolution, a 
new major step in biological progress will produce but a single 
species. The genetic variety achieved elsewhere by radiating 
divergence will with us depend primarily upon crossing and 
recombination (see Huxley, 1940). 
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We can also set limits to the extension of his range. For the 
planet whidi he inhabits is limited, and adventures to other 
planets or other stars are possibilities for the remote future only. 

During historic times, all or almost all of the increase in man’s 
control over nature have been non-genetic, owing to his exploita~ 
tion of his biologically unique capacity for tradition, whereby 
he is provided with a modificadonal substitute for genetic change. 
Tlie realization of the possibilities thus available will continue 
to play a major part in human evolution for a very long period, 
and may contribute largely to human progress. 

More basic, however, diough much slower in operation, are 
changes in the genetic constitution of the species, and it is evident 
that the main part of any large genetic change in the biologically 
near future must then be sought in the improvement of the 
fundamental basis of human dominance — ^the feeling, thinking 
brain, and the most important aspect of such advance will be 
increased intel%ence, which, as A. Huxley (1937, p. 265) has 
stressed, implies greater disinterestedness and fuller control of 
emotional impulse.* 

First, let us remind ourselves that, as we have already set forth 
(p. 482), we with ouf human type of society must give up any 
hope of developing such altruistic instincts as those of the social 
inseas. It would be more correa to say that this is impossible 
so long as our species continue in its present reproduaive habits. 
If we were to adopt the system advocated by Muller (1936) and 
Brewer (1937), of separating the two functions of sex — ^love 
and reproduction — ^and using the gametes of a few highly 
endowed males to sire all the next generation, or if we could 
discover how to implement the suggestion of Haldane in his 
Daedalus and reproduce our species solely from scleacd germinal 
tissue-cultures, then all kinds of new possibilities would emerge. 
True castes might be developed, and some at least of them 
might be endowed with altruistic and communal impulses, 
in any case, as A. Huxley (1937) points out in an interesting 

* Of coune great increases in man’s control over and independence of ids 
envirmiment nuy be produced by die better utilization of his existing capacities 
(tee e.g. G. H. Thomson, 1936V, but these represent modificatiom, not genetic 
chaagea. 
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discussion, progress (or, I would prefer to say, future human 
progress) is dependent on an increase of intraspedfic co-operatian 
untd it preponderates over intraspedfic competition. 

Meanwhile there are many obvious ways in which the brain*s 
level of performance could be g^tically raised — ^in acuteness 
of perception, memory, synthetic grasp and intuition, analytic 
capadty, mental energy, creative power, balance, and judgment 
If for ^ these attributes of mind the average of our population 
could be raised to the level now attained by the best endowed 
ten-thousandth or even thousandth, that alone wbuld be of far- 
reaching evolutionary significance. Nor is there \any reason to 
suppose that such quantitative increase could not be pushed 
beyond its present upper limits. 

Further, there are other fiiculties, the bare existeljice of which 
is as yet scarcely established: and these too might be developed 
until they were as commonly distributed as, say, musical or 
mathematical gifts are to-day. I refer to telepathy and other 
extra-sensory activities of mind, which the painstaking work of 
Rhine (1935), Tyrrell (1935), and others is now forcing upon the 
scientific world as a subject demanding close analysis. 

If this were so, it would be in a sense oiJy axontinuation of a 
process that has already been at work — ^the utilization by man for 
his own ends of hitherto useless by-products of his mental 
constitution. The earUer members of the Hominidae can have 
had little use for the higher ranges of aesthetic creation or appre- 
ciation, for mathematics or pure intellectual construction. Yet 
to-day these play a large part in human existence, and have come 
to possess important practical consequences as well as value in 
and for themselves. The development of telepathic knowledge 
or feeling, if it really exists, would have equally important 
consequences, practical as well as intrinsic. 

In any case, one important point should be borne in mind. 
After most of the major progressive steps taken by Hfe in the 
past, the progressive stock has found itself handicapped by 
characteristics developed in earlier phases, and has been forced 
to modify or abandon these to realize the full possibilities of the 
new phase (sec M. Roberts, 1920, 1930, for various cxamfdcs of 
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forced adjustment to new conditions, but with the caveat that 
some are highly speculative, and that all are presented in a 
lamarckian frame of reference which often obscures their true 
signifreahee). This evolutionary fact is perhaps most obvious in 
relation to the vertebrates’ emergence from water on to land. 
But it applies in other cases too. The homothermy of mammals 
demanded the scrapping of scales and the substitution of hair; 
man’s erect posture brought With it a number of anatomical 
inconveniences. But man’s step to conscious thought is perhaps 
more radical in this respect than ai^y other. 

By means of this new gift, man has discovered how to grow 
food instead of hunting it, and to substitute extraneous sources 
of power for that derived from his own muscles. And for the 
satisfaction of a few instincts, he has been able to substitute new 
and more complex satisfretions, in the realm of morality, pure 
intellect, aesthetics, and creative activity. 

The problem immediately poses itself whether man’s muscular 
power and urges to hunting prowess may not ofren be a handicap 
to his new modes of control over his environment, and whether 
some of his inherited impulses and his simpler irrational satis- 
factions may not stand in the way of higher values and fuller 
enjoyment. The poet spoke of letting ape and tiger die. To tliis 
pair, the cynic later added the donkey, as more pervasive and in 
the long run more dangerous. The evolutionary biologist is 
tempted to ask whether the aim should not be to let the mammal 
die within us, so as the more effectually to permit the man to live. 

Here the problem of values must be faced. Man differs from 
any previous dominant type in that he can consciously formulate 
values. And the realization of these in relation to the priority 
determined by whatever scale of values is adopted, must accord- 
ingly be added to the criteria of biological progress, once advance 
has reached the human level. Furthermore, fhe introduction of 
such criteria based upon values, in addition to the simpler and 
m(»e objective criteria of increasing control and independence 
which sufficed for pre-human evolution, alters the direction of 
progress. It might perhaps be preferable to say that it alters the 
level on which progress occurs. True human progress consists in 
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increases of aesthetic, intellectual, and spiritual experience and 
sads&ction. 

Of course, increase of control and of independence is necess^ 
for the increase of these spiritual satisfactions; but the more or 
less measurable and objective control over and independence of 
external environment are now merely subsidiary medhanisms 
serving as the material basis for the human type of progress; 
and the really significant control and independence apply to 
man’s mental states — ^his control of ideas to give intellectual 
satisfitction, of form and colour or of sound to give aesthetic 
sadsfitction, his independence of inessential stimm and ideas to 
give the satisfiiction of mystic detachment and ini^ ecstasy. 

The ordinary man, or at least the ordinary poet, philosopher, 
and theologian, is always asking himself what is t^e purpose of 
human life, and is anxious to discover some extraneous putpose 
to which he and humanity may conform. Some find such a 
purpose exhibited directly in revealed religion; others think 
that they can uncover it from the facts of nature. One of the 
commonest methods of this form of natural religion is to point 
to evolution as manifesting such a pufpose. The liKtory of life, 
it is asserted, manifests guidance on the part of some external 
power; and the usual deduction is that we can safely trust that 
same power for fiurther guidance in the future. 

I believe this reasoning to be wholly false. The purpose mani- 
fested in evolution, whether in adaptation, specialization, or 
biological progress, is only an apparent purpose (p. 412). It is as 
much a product of blind forces as is the falling of a stone to earth 
or the ebb and flow of the tides. It is we who have read purpose 
into evolution, as earlier men projected will and emotion into 
inorganic phenomena like storm or earthquake. If we wish to 
work towards a purpose for the future of man, we mus* formulate 
that purpose ourselves. Purposes in life are made, not found. 

But if we cannot discover “a purpose in evolution, we can 
discern a direction — ^the line of evolutionary progress. And this 
past direction can serve as a guide in formulating our purpose 
for file fiiturc. Increase of control, increase of independence, 
increase of internal co-ordination; increase of knowledge; of 
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means for co-ordi na tin g knowledge, of elaborateness and intensity 
of feelii^ — ^those are trends of the most general order. If we do 
not continue them m the hiture, we cannot hope that we ate 
in the main line of evolutionary progress any more than could 
a sea-urchin or a tapeworm. 

As further advice to be gleaned from evolution there is the 
fact we have just discussed, that each major step in progress 
necessitates scrapping some of the achievements of previous 
advances. But dhis wamii^ remains as general as the positive 
guidance. The precise formulation of human purpose cannot be 
decided on the basis of the past. Bach step in evolutionary progress 
has brought new problems, which have had to be solved on their 
own merits; and with the new predominance of mind that has 
come with man, Ufe finds its new problems even more unfamiliar 
than usual. This last step marks a critical point in evolution, and 
has brought Hfe into situations that differ in quahty fi’om those 
to which it was earUer accustomed. 

The future of progressive evolution iS the future of man. The 
future of man, if it is to be progress and not merely a standstill 
or a degeneration, must be guided by a deHberate purpose. And 
this human purpose can only be formulated in terms of the new 
attributes achieved by life in becoming human. Man, as we have 
stressed, is in many respects unique among animals:* his purpose 
must take account of his unique features as well as of those he 
shares with other life. 

Human purpose and the progress based upon it must accord- 
ingly be formulated in terms of human values; but it must also 
take account of human needs and limitations, whether these be 
of a biological order, such as our dietary requirements or our 
mode of reproduction, or of a human order, such as our intel- 
lectual limitations or our inevitable subjection to emotional 
cot^ict. 

Obviously the formulation of an agreed purpose for man as 
a whole will not be easy. There have bwn many attempts already. 
To-day we are experiendng the struggle between two opposed 

* For a full analysis of the biological peculiarities of our species see Huxley, 

mo. 
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ideals — that of the subordination of the individual to the commu- 
nity, and that of his intrinsic superiority. Another struggle still 
in progress’ is between the idea of a purpose directed to a future 
life in a supernatural world, and one directed to progress in this 
existing world. Until such major conflicts are resolved, humanity 
can have no single major purpose, and progress can be but fitful 
and slow. Before progress can begin to be rapid, man must 
cease being afraid of his uniqueness, and must not continue to 
put oflf the responsibilities that are really his on to the shoulders 
of mythical gods or metaphysical absolutes (see Etjerett, 1932).* 

But let us not forget that it is possible for {progress to be 
achieved. After the disillusionment of the early twentieth century 
it has become as fashionable to deny the existence of progress 
and to brand the idea of it as a human illusion, as it\was fashion- 
able in the optimism of the nineteenth century to proclaim not 
only its existence but its inevitability. The truth is between the 
two extremes. Progress is a major fact of past evolution; but it 
is limited to a few selected stocks. It may continue in the future, 
but it is not inevitable; man, by now become the trustee of 
evolution, must work and plan if he is to achieve further progress 
for himself and so for lift. 

This limited and contingent progress is very different from the 
deus ex machina of nineteenth-century thought, and our optimism 
may well be tempered by reflection on the difficulties to be 
overcome. None the less, the demonstration of the existence of 
a general trend which can legitimately be called progress, and 
the definition of its limitations, will remain as a fundamental 
contribution of evolutionary biology to human thought. 

* See also Huxley, 1943, Evolutionary Ethics (Romanes Lcaure) University 
Press, Oxford. 

ADDENDUM 1955 

For recent developments readers are referred to the following works: 
PALEONTOLOGY. COURSE OF EVOLUTION : g. g. simpson “ The Major 
Features of Evolution.*’ New York, 1953. 

SPECI ATION AND GENETICS : t. dobzhansky ” Genetics and the Origin 
of Species.” (3rd. edition) New York, 1951. e. mayr Systcmatics and the Origin 
of Species.” New York, 1942. 

GEOGRAPHICAL RULES: and GENERAL SYNTHESIS; b. rensch 
” Neuere Probleme dcr Abstammungslehre.” (2nd. edition) Stuttgart, i954» 
EVOLUTIONARY ETHICS: and PROGRESS: T. H. and j. s. huxley. 
“ Evolution and Ethics.” London, 1947. 
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definition of, 160 
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Mapping, as taxonomic method, 225 
Meiosis, evolution of, 133 
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Mullerian, 321 
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direction of, 54 
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systemic, 456 

types of, 87 ff. 
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deduced by Darwin, 14 
Neoteny, 527, 532, 543 
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Nomenclature, of cUnes, 227 
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Paleontology, 30 ff, 400 
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secondary adjustment of effects, 145 
Polytocy, 128, 525 
Population, and evolution, 60 
Population-pressure, 209, 231 
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effective, 201 

Population-structure, and speciation, 
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Preadaptation [$], 52. 198, 315, 327, 419, 

449 ff 
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Progress, biological, 489, 556 ff. 
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Races, biological, 166, 297 
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139. 333. 361, 457 
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Recapitulation, 507, 543 
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Rccessiveness, inactivation theory of, 80 
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sex-linked, 59, 117 
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Repbeement, geographical, 174 ff. 
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Saturation, of gene effects, 82 
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intrauterine, 481, 525 
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not necessarily beneficial, 478 ff. 
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Selective advantage, and intensity of 
selection, 56 

Selective depression, 447 
Semispecies, 403, 407 
Separation, altitudinal, 270 
geographical, 270 
Sex, consequential effects of, 545 
Sex-chromosomes, peculiarities of, 138 
Sex-determination, 64, 97, 148 ff. 
Sex-<iifferentiation, in frogs, 235 
Sexuality, evolution of, 83 
Sicherung, doppelte^ 108, 417 
Sightlessness, and preadaptation, 453 
Size, and speciation, 280 
Society Islands, land-snaib of, 232 
Song, biological function, 289, 298, 534 
clmc in, 215 
genetical basis of, 305 
geographical variadon in, 183, 309 
learning of, 306 
Spain, camels of, 236 
Specializatbn, 42, 84, 488, 567 
in mammals, 490 
Spedation, 43 
and evolution, 387 ff, 
and habitat-preference, 254 
and intensity of selection, 383 
and mobility, 155, 239 
as a biological luxury, 389 
convergent, 385 

different modes of, 170 ff., 382 ff. 
divergent, 385 
geographical, 174 ff. 

Goldschmidt's views on, 197 
modes of, and systematic method, 
390 ff. 

reticulate, 171, 385 
succcssional, 172, 385 
types of, 155 


Species, as biobgical units, 151, 167, 
169 

bbbgical, 274 

biobgical reality of, 151 ff., 167, 169 
criteria of, 159 ff 
cryptic, 130, 299, 300 
definitions of, 157 ff., 167 
ecogeographical, 270 
immutability of, 390 
kinds of, 154 ff., 382 
monotypic, 407 
morphological, 409 
number described annually, 169 
number of, 168, 3^89, 
numerical abundance of, 479 
Origin of, 153 \ 

origins of, 387 \ 

physiological, 315 \ 
polymorphic, 407 \ 
polytypic, 407 \ 

properties of, 165 
rare and abundant, 32, 197 
relativity of, 244 
subsexual, 351, 383 
type of structure favouring evolu- 
tionary change, 60 
utility of term, 170 
Species-formation, see Speciation 
convergent, 339 ff. ■ 
reticulate, 35 ff 
types of, 382 ff. 

Spedes-hybridization, 115, 146 ff. 
Spedes-pairs, 273, 280, 309, 334, 385 
in fish, 181 
overlapping, 284 ff. 

Specific mocMen, origin of, 75 
Spermatheca, effects of white gene, 80 
Stenohaline forms, 444 
Stenoplastic forms, 444, 519 
Stenothermic forms, 444 
Stocb, divergence, 68 
Struggle for existence, 14 
Struggle for survival, 15 
Subspedation, adaptive, 182, 192 
and migration, 196 
and mobility, 239 
non-adaptive, 193 
rate of, 194 
Subspecies, 408 
biobgical, 298, 312 
chains of, 243 
dependent, 210, 229, 260 
ecological, 230, 277 
Goldschmidt’s views on, 197 
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Subspecies (continued) 
in^pendent, 210, 260 
local. 33. 19B 

polyphylctic, 209. 248, 291 
regional. 198 
Subsubspecies. 202 
Succession, ecological. 276 
Superspecics (Supraspecies). 179 n.. 407 
Survival. Struggle for, see Struggle 
Symbiosis, 312. 429 
Synaposematism. 321 
Syncytia, 170 
Systems, genetic, 126, 359 
genetic, partial, 67, 139, 332. 362 
Systematics, see Taxonomy 
comparative, 226, 241 
methodology of, 409 
minor, 43 

Tameness, genetic, in birds, 310 
on islands, 243 

Tanganyika, radiation in, 324, 492 
fauna of, 181 

Taxonomic criteria, 390 ff. 

Taxonomic groups, special types of, 
316 

Taxonomic terminology, misuse of, 
409 

Taxonomic units, 407 
Taxonomy, 30, 226, 241 
approaches to, 390 ff, 
geographical, 264 
history of modem, 390 ff. 
practical aims of, 1 56 
terminology of, 404 ff. 
the new, 41 1 
theoretical aims of, 157 
Telepathy, 574 

Temperature-resistance, 191, 235, 314. 

436. 451 

Terminology, subsidiary, 157, 163 
216, 405 
misuse of, 409 
Territory, of birds, 289 
Tetraploidy, 87 

Threat, characters subserving, 35 
Thyroid, and metamorphosis, 553 
subspecific difieiences in, 188 
Time, and spedation, 173, 194. 200, 324 


Topoclines, 223 
Tradition, in man, 573 
Transference, of sex-characters, 525 n., 
545. 555 

Translocation, 90, 330, 362 
Trends, apparent orthogenesis of, 497 ff. 
adaptive, selective determination of, 
494 ff. 

evolutionary, 42, 486 ff. 
evolutionary, consequential, 543 ff. 
non-adaptive, 504 ft 
parallel, 547 
unilinear, 172 
Trimorphism, 97, 103, 122 
Trisomy, 89 

Types, prime, 90, 198, 329 

Ultracytology, 357 

Use, iiiherited effects of, 17 

Useless structures, degeneration of, 476 

Variability, 54, 56 
and fluctuations, 112 
determinate, 548 
inherent, 238 

Variance, and type of inheritance, 55 
in large and small species, 57 
Variation[s], 14, 16, 17 ff. 
continuous and discontinuous, 23 
in allopolyploids, 145 
mendelising, 117 
oceanic, 325 

parallel, 99, loi, 211, 215, 395. 43i. 
510 

restriction of, 516 ff. 
types of, 46 

Vertebrae, dines in, 215, 223 
Vestigial gene, change in expression of, 
71 n. 

effects of, 119 
Vestigial organs, 455, 530 
Viability, 190 
Vitalism, 465 

Wild type, stability of its characters, 73 
Wind, and winglessness, 120 
Wing-form, cli^s in, 215 
Wing-length, dines in, 213 
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Ahantis levebu^ 513 
Ahrmis brama, 273 
Abraxas grossulariata, 83 
Acanthiza, 214, 433, 516 
Acanthopneuste viridma^ 444 
Accipiter gentilist 218 
Accipiternisus, 282 
Accipiter novaehoUandtae, 184 
dimorphism, 106 
Accipiter ventralis, 184 
Achatinellidae, 234 
Achillea, 273 
Achillea millefolium, 441 
Achroia grisella, 302 
Acraea johnstoni, 217 
Acrididae, 431 

Acrocephalus schoenobaenus, 309. 534 
Adalia frigida, 548 
Adapinae, 515 
^^Si^ops, 345 

Aegithalos caudatus, 247, 280 
Aej)yomis maximus, 506 
Aepyomithidac, 506 
Aesculus camea, 341 
Aesculus hippocastanum, 341 
Aesculus pauia, 341 
Aesculus plantierensis, 341 
Aethusa cynapium, 278 
Ailuropoda melanoleuca, 427 
Ailurus fulgens, 427 
Ajuga, 277 

Ajuga chamaepitys, 180, 267, 398 
Ajuga chia, 180, 267, 398 
Alauda arvensis, 306, 426 
Alcelaphus, 253 
Alchemilla alpina, 266 
Alchemilla uulgaris, 266 
Aleuosmia, 353, 355 
Algae, 132, 135 
Aloe ciliaris, 347 
Alopex, III 

Alopex lagopus, 103, 161 
Amblypods, 491 
Ammomancs deserti, 462 
Ammonites, 172, 507, 530» 5^7 
Amphibia, 503, 505, 545 
Amynodonts, 498, 506 
Anas platyrhyncha, 239 


Anatidac, 240 
Anemone, 273 
Anemone alpina, 273 
Anemone montana, 336 
Anemone nemorosa, 477 
Anemone sulphurea, 273 
Angler-fish, I59n. 

Animals and plants, difference in 
genetic systems, 135 
Annelids, iiumber\of species, 168 
Annulata, 144 
Anopheles maculipetinis, 317 
Anoptichthys yordanri 454 
Anser coerulescens, n 
Antcaters, 419, 536, ^537 
allometry m, 537 
Antelope, 492 
Antennaria, 376 
Anthus cetvinus, 180 
Anthus pratensis, 180, 266, 272, 289, 
306 

Anthus spinoktta, 279 
Anthus spinoletta petrojsus, 266, 272 
Anthus trivialis, 272, 289, 306 
Anthyllis vulneraria, 356, 441 
Antirrhinum, 115, 348 
Ants, limits of evolutionary trend, 494 
reproductive specialization, 311 
Aonidiella auranti, 471 
Aphids, 84 
winglessness in, 74 
Aplecta nebulosa, 72 n. 

Apodemus, 1 18, 190 
Apodemus Jlavicollis, 271, 435 
Apodemus sylvaticus, 271, 436 
Apple fly, 296 

Arachnids, number of species, 168 

Archaeopteryx, 31 

Ardea cinerca, 443 

Argusianus argus, 427 

Argya fulvus, 462 

Argynnis paphia, 98 

Aricia, 253 

Anemia, 141 

Artocarpaceae, 455 

Arum maculatum, 439 

Arum neglectum, 439 

Aster occidentalis, 441 
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Astymax fasdatus^ 454 

Australia, fauna of, 324, 490 n., 491 

Avem fatua^ 332 

Avem sativa, 332 

Axolotl, 527 

Babbler, 462 
Baboon, 501 
Bacteria, 13 1, 301 
biological differentiation in, 302 
BacuHtes^ 507 
Baetis, 435 
Balanoglossus, 23 
Balsam, 107 
Baluchitheres, 491, 498 
Bandicoots, 423 
Barbct, 195, 55i 
Barley, 63, 93 
Basidiomycetes, 135 
Basilarchia, 253 
Bats, 423, 490 
subspeciation in, 239 
Beans, 52, 118, 130 
Bear, 103 
Beaver, 488 
Bedstraw, 121, 273 
Bee-eater, 31 1 
Bee-orchis, 477 
Bees, 220 

Beetle, ladybird, 548, 549 
Beetles, 298, 299, 536, 541 
Bell-heather, 278 
BerberiSy 301 
Berlinhy 439 

Bird of Paradise, 240, 425, 426, 427 
Lesser Superb, 425 
Birds, difEcult species in, 167 
display adaptations in, 425 
flightless, 129 
genetic tameness in, 310 
nest sanitation in, 424 
of prey, 424 
polymorphism in, 103 
subspeciation in, 176 
Biscutella laevigata, 337 
Bittersweet, 277 
Blackberry, 334 

Blackbird, 266, 290, 306, 307, 309 
Blackcap, 306, 307 
Blackcock, 36, 289 
Bladder-campion, 266, 268 
Bbdder-worm, 485 
Blight, 198 
Bluebell, 514 


Boamia extersaria, 95 
Boarmia repandata, 95, 470 
Bombina, 246 
Bombinator, 246 
Bombus, 214 
Bombyx quercus, 293 
Bonellia, 1 59 n. 

Brachiopods, 508, 557 
Brachystegia, 439 
Bracken, 517 
Brambles, 351 
Brassica, 350 
Brassica oleracea, 347’ 

Bream, 273 
Bromus ittermis, 275 
Broom, 277 
Brush turkey, 255 
Bryophyta, 135 
Buarremon, 199, 242 
Buarremon inomatus, 199, 242 
Budgerigar, 307 
Buffalo, 192, 214, 218 
Bufo fowleriy 253 
Bufo woodhousiy 253 
Bugle, 180, 267 
BuUms contortusy 312 
BuUfmch, 247, 254» 281, 327 
Bunting, reed, 278 
yellow-breasted, 444 
Burnet, 293 
Burrageara, 345 
Bush-baby, 428 
Bustard, great, 426 
Buteoy 355 
Buteo borealis, 252 
Buteo buteo, 282 
Buteo galapagensis, 310 
Buttercup, 199 
Butterflies, 74 n., 96, 262 
blue, 285, 290 
mimicry in, 122 
white, 518 

Butterfly, American Clouded Yellow, 
98 

buck-cye, 244 
comma, 445 
Small copper, 217 
Swallowtail, 191, 217* 225, 278 
White Admiral, 253 
Bumrd, 282, 310 

Cabbage, 347, 35 o 
Cabbage-radish hybrid, 141* 347 
Cactospiza, 326 
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Cdkscmrust 293 , 

Calloscmms sladenu 219, 227 
CamarhynchuSt 326 
Camel, 236 
Camelina satiua, 11$ 

CamperieUa bifasciata, 299 
Campion, 142 
Canary, 305 
Canidae, 294, 502, 539 
Cminae^ 3$i 
Canis familiarise 539 
Canis lupus, 540 
CapseUa, 346 

Capsella bursapastoris, 347 
CapseUa occidentalis, 347 
Carabus granulatus, 176 
Carabus monilis, 180 
Carabus nemoralis, 206, 235, 314 
Carduelis cannabina, 266, 306 
Carduelii carduelis, 187 n., 194, 281, 
290 

Carduelis flammea, 212, 290 
Carduelis flauirostris, 266 
Caribou, 273 
Carnivores, 490 
Caryophyllaceac, 205 
Cassowary, 476 
Casuarius, 476 
Cat, 103 
Siamese, 64, 546 
Catastomus, 540 
Catfish, Nile, 415 
Cattle, 541 
Caucalis arvensis, 278 
Cave-bears, 506 
Cavia, 501 

Cedar of Lebanon, 438 
Cedrus libani, 438 
Celandine, lesser, 110 
Centaurea, 147, 258 
Centaurea nemoralis, 441 
Cepaea, 202, 520, 532, 516 
Cepaea hortensis, 99, 161, 291, 516 
Cepaea nemoralis, 99, 161, 291, 516 
Cerambycidae, 298 
Cercopithecus mona, 247 
Cercopithecus polykomas, 247 
Certhia brachydactyla, 245, 306 
Certhia familiaris, 245 
Certhidea, 326 
Cervidae, 541 

Cervus elaphus, 121, 225, 537 
Cetacea, 240 

ChaEBnc^, 183, 306, 307, 309 


Chalcotheres, 491 
Char, 177, 180, 231 
Chat, 191 
Chelonia, 505 
Chickadee, 180, 270 
duckweeds 517 
Chiffchafif, 278, 289, 306, 307 
Chimpanzee, 53 
Chloeon dipterum, 435 
Chloris chloris, 306 
Ckorthippus, 516 
Chrysanthemum, 348 
Chrysolophus amherstiae, 66 
Chrysomphalus jmrantii, 299 
Chub, 348 i 
Cicadulina mobihc, 312 
Cichlids, 324, 4^ 

Cichorieae, 377 \ 

Ciliates, 84 
Cinclus, 434 
Cinnyris manocnsis, 272 
Cinnyris zonarius, 272 
Cisco, 178 
Cisticola, 176, 289 
Clausilia, 448 
Clausilia bidentata, 246 
Clausilia dubia, 246 
Cleithrionomys, 118 
Cleithrionomys glareolus, 118 
Clypeola jonthlaspi, 197 
Co^antelope, 234 
Coccinellidae, 220, 550 
Coccothraustes coccothraustes, 281 
Coccus pseudomagnoliarum, 471 
Cockd^fer, 312 

Coelenterates, number of species, 168 
Coereba, 184, 203 
melanism, 104 
Coereba fiaveola, 94 n. 

Colaptes, 161, 2$o 
Colaptes auratus, 288 
Coleoptera, sex-determination in, 149 
Colias, 516 

CoUas philodice, 98, 117 
Columba oenas, 310 
Compositae, 205 
Conepatus, 548 
Coracias, 252 
Coradas garrulus, 444 
Corals, 536 
Coregonus, 178 
Corixidae, 468 
Cormorant, 310 
flightless, 243 
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vchmor , 536 
Corvidae, 21X 
Cefvti 5 , 248-^* a62 
Comm iraehy ^ ynchcs ^ a8o 
Cartms max i/ariust 262 
Corpus ossifit^t 280 
Cotton, 54, 70, 77 . 115. 1x6. 228, 346. 

457 . 533 
Cowiics, 177 
Cowslip, 275 
Crantbus, 292 
Crataegus, 296, 351 
Cteodonts, 490 

Crcpis, 128, 137. 147. 350. 353, 35^ 381 
spedadon in, 372 if. 

Cricetus cricetus, 103 
Crickets, 298, 309 
Crocuta crocuta, 183 
Crossbill, 281 
Crows, 248, 255, 280, 403 
Crucifers, 346 
Crustacea, 84, 85, 559 
number of species, 168 
preadaptation in, 455 
Cryptostilis, 467 
Cu^oo, 102, 3^, 311 
egg-mimicry in, 451 
Cu^oo-pint, 439 
Cuculus canorus, 102, 309 
Culexpipims, 319 
Curlew, 281 
Cuttlefi^ 416 
Cyclopes, 537 
Cydia pomoneila, 472 
Cyllene pious, 298 
Cynipi^e, 285, 348 
Cynips, 299 
Cyperus dentatus, 388 n. 

Cypraeidae, 177 

Cyprinodonts, sex-determination in, 
148 

Cytisus scoparius, 277 


Daffodil, 438 
Dahlia, 144 
Dahlia mer(kii, 349 
Dandelion, 120, 166, 477 
Dc^hnia tongi^ina, pre-adaptation in, 
52, do 
Datura, go 

Datura stramonitm, 89, 198, 329 
Deer, 484 
red, 121, 225. 537 
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DcCT-mouse, S4. 176, i8a, agi, 294 
Delkhon urbica, 279 
Deronecies, 247 
Dianihoecia, 520 
Dingo, 82 
Dinosaurs, 446, 506 
Dipnoi, $44 
Dipodcmys, 176, 423 
E>ippcr, 434 
Diprion polytomum, 314 
Diptera, 142 
I>og. 1 1 5 . 307. 506. 539 
allomctry in, 539 
dominant charaaers in, 82 
St. Bernard, 71 
Donax, 520 

Drepanididae, 183, 324, 457 
Dromaeus, 476 

Drosophila, 47, 48 n., 50, 51, $ 2 , 53, 
55, 62, 63, 64, 67, 69, 74, 75, 80, 
85. 89, 90, 91, 92, 115, 117, 118, 
119, 120, 121, 133, 138, 142. 148, 
152, 189, 206, 288, 291, 292, 330, 
331, 356, 357 ff.. 395 . 396, 419, 
45 X, 453 , 459 . 481, 510, 511, 512, 
514, 533 . 545 

Drosophila, spcciation in, 357 ff. 

wild variance in, 75 
Drosophila americana, 358, 367 
Drosophila Junehris, 191, 235, 314, 436 
Drosophila hydei, 53, 61, 370 
Drosophila melanogaster, 68, 70, yin, 
72, 75 n., 97, 1 13, 162, 199. 303, 
314, 333 , 383 
Drosophila miranda, 93 
Drosophila obscura, 70 
Drosophila pseudoobscura, 60, 93, 162, 
194. 288, 323. 333 . 359 , 364, 369. 

405 

Drosophila simulans, 72, 162, 333, 383 
Drosophila virilis, 76, 358, 367 
Dryas octopetala, 517 
Dryobates major, 280, 445 
Dryobates minor, 280 
Dryobates pubescens, 280 
Dryobates villosus, 280 
Dubyaea, 377, 378 
Dudi, 146 n., 240, 292, 516 
steamer, 285 
tufted, 239 

Echinoderms, 172, 522 
number of species, 168 
Echihogammarus, 328 
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EAium mtgare, 107 
Edelweiss, 274 
Edentates, 490 
Egret, lesser, 425 
Egretta thuk, 425 
J^olosaums, 505 
Elasmobranc^, 544 
Elephaiit[s], 172, 488, 490, 499, 50X 
pigmy, I2I 
Elk, liidi, 541 
Elms, 227 

Emheriza aureola, 444 
Emberiza citrinella, 306, 309 
Emheriza schoenkhlus, 278 
Emmers, 34$ 

Emu, 476 
Etii^rostis, 337 
Encyrtus infelix, 428 
Ephemera vulgata, 435 
Ephestia, 121 
kukniella, 68, 302, 450 
Epikchna chrysomelina, 549 
^imachus paradisea, 425 
J^uisetaceae, 455 
E^us burchelU, 217 
Erebia, 176, 183 
Eremophila flava, 445 
Erka cinerea, 278 
Erica tetralix, 278 
Bithacus mbecula, 36, 306, 309 
Ermine moth, 297 
Erophila vema, 336 
Eumeties maxiltosus, 320 
Euphrasia, 282 
Eurypterids, 560 
Exocoeddae, 542 
Eyebright, 282 


Fako columbaritts, 280, 282 
Fako peregrinus, 280, 282 
Falco rusfkohts, 221 
Fa!co subhuteo, 282 
Faleo Htmuncuhis, 282, 310 
f^aloon, 280 
Felidae, 422 
Fetis <mca, 281 
Felts pardalis, 281 
Felsinotherium, 505 
Fcm. 33 . 55 . 198 
Fiddler-crab, 541 
Field-mouse, 435 
lo]]^-tailed, 190, 271 
Fitipendula hexapetala, 447 


Fizecrest, 290 
Fish, 146 n. 

diiFerentiation and habit, 24 X 
subspedadon, 177 
Flamingo, 36 

Eathshes, asymmetry oC 456 
Flicker, 161, 250, 255, 288, 354. 403 
Fluellin, 438 
Ry. 148 

Flycatcher, 222, 310 
collared, 284 
pied, 284 
Flying-ddi, 542 
Fool’s parsley, 27 
Forammifera, . 

Fowl. 53. 59 . 

Barred Plyznoutn Rock, 450 
dominance in, 72 
dominant charac^ in, 81 
frizzled. 63, 76. 1^8. 190, 315 
Rhode Island Red; 450 
White Leghorn, 450 
Fox. 97, 103, III, 217 
Axcdc, 103, 161 
black, 185 
red, 103, 185 
reladve ear-size, 213 
silver, 185 

Fratercula arctka, 212, 

Fringilla coelehs, 183, 306, 308 
Pringilla coekbs canariensis, 255 
Fringilla teydea, 255 
FritSlatia, 3390. 

Fridllary, greasy, fluctuations in, z 12 
heath, 195 
Prog. 235. 419 . 435 
reladve leg-size, 212 
Fruit-dove, 285 
Frutickola lantzi, 315 
Fulmarus gladalis, 217, 445 
Ftmdulus, 544 
Fungi, 307 


Galago, 428 
Gakopithecus, 423 
Gakapsispubescens, 341 
GaJeopsis speciosa, 341 
Gakopsis tetrahit, 341, 384 
Galerida, 192, 2X$, 284 
Gderida cristata, 215, 284, 445 
Galerida ^kke, 2x5, 284 
Galitm, zaz, 375 
Galium saxtik, 273 


I 
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Gtilium syhfstre, 273 
CaRhu^, 240 
Gail-wasp, 348 
Gammari^, 493 
Gammams, 70, 75, 528, 533 
"wild vatiance in, 75 
Gdmmarus dmneuxi, 511 
Gammarus ^ebeni, 279 
Cammams tigrinus, 314 
Gammarus zaddachi, 315 
Cmuius, 176, 179 
Gastropods, 543 
Gennaeus, 218, 224 
Gentian, 177, 273, S14 
Gentiana clusii, 273 
Gentiana excisa, 273 
Gentiana lutea, 177 
Geospiza, 326, 356 
Gcospm^e, 242, 290, 325, 356 
Geranium, 280 
Gerrhenotus, 214 
Gipsy-moth, 191, 436 
Girafife, 421 
Glasswort, 276 
Gkchoma, 108 
Glossina morsitans, 440 
Ghssina palpalis, 440 
Glossina stAmorsitans, 439 n. 

Ghssina tachinoides, 440 
Glypta haesitatar, 425 
Gnat, 319 
races, 317 
Gobies, 323 
Goldcrest, 194, 290 
Goldfinch, 187 n., 194, 281, 290, 307 
Goose, Hawaiian, 421 
snow, 184 
Goshawk, 218 

Gossypium, 115, 116, 228, 533 
Cos^pium arfioreum, 78, 346 
Gossypium barbadense, 77, 346 
Goss)yi«m hirsutum, 77 
Gossypium thurheri, 346 
Crackle, 251, 293 
Grape, 314 
Grass, cocksfoot, 276 
rice, 341 

Grasses, 108, 337 

Grasshopper, 99, 202, 253. 321, 431, 
473. 516 
flightless, 202 
Greenfmch, 306 
Ground-finches, 242, 290, 326 
Ground-sloths, 490 


Grouse, 427 

Grouse, red, 176, 196, 266, 271, 278, 

293f $21 

sharp-tailed, 219 
willow, 196, 271, 293 
Grouse-locusts, 99, 473 
Gryphaea, 489, 506, 508, 509, 514. 

. 5150., 537 

Gu^eniot, 105, 161, 217 
Guinea-pig, 501, 550 
GuU, coloration in, 518 
herring, 244 
lesser black-backed, 244 
Gymnospcrms, absence of polyploidy 
in, 145 

Gyrfalcon, 221 
Gyrinus, 247 

Haartebeest antelopes, hybridization 

in. 253 

Hahrobracon, 149 
Hamites, 508 
Hamster, 53, 103 
Hare, 246. 266, 271 
common, 246, 266, 271 
mountain, 246, 266, 271 
Harmonia axyridis, 214 
Hawfinch, 281 
Hawk, 103 
red-tailed, 252, 355 
Hawk-moth, spurge, 133, 312 
Hawkweed, 277, 334. 353. 356 
Hawthorn, 296, 351 
Heath hen, 201 
Hefcc, 353, 355, 393 
Hedgehog, 490 
Helianthemum, 108 
Heliosciurus gambianus, 192 
Helix aspersa, 520 
Hellebore, 447 
Helleborus foetidus, 447 
Hemicentetes, 281, 286 
Hemkentetes semispinosus, 544 
Hemiptera. sex-determination in, 149, 
370 

Hemipus picatus, 415 
Hemizottia, 276 
Hemp-nettle, 341 
Henicopernis, 223 
Heodes, 217, 225 
Heodes phloeas, 2 1 7 
Hepialus, 290 
Heron, 103, 443 
Louisiana, 425 
Herring, 177 
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Hetarodera radkola, 300 
Heteroptera, 339* n. 370 
Hettfofkynchus^ 325 
Hkradum, 334 * 377 
Hieradum untheUahm^ 277 
Hipparim, 502 
Hixudiiiea, 335 
Hirundo rustica, 279, 31 x 
Hobby, 282 

Homo neanderthatensis, 354 
Honey-bees, 220 
Honey-buzzard, 223 
HomHl^ 428, 536 
Hornets, 322 

Hoi:8e[$], 32, 172, 396, 488, 49^. 502, 
514. 536 

in Nova Scotia, 12X 
xate of evolution in, 61 n. 
Horse-chestnut, 341 
Horse-tails, 455 
House-wrens, 181 
Hoverfly, 323 
Humming-bird, 232, 426 
Hyacinth, 438 
Hydranassa tricolor, 425 
Hydrocyon, 324 
Hyena, 183, 545 
Hymenocephalus striatissimus, 177 
Hymenoptera, sex-determination in, 
149 

social, 74, 96 

social, and Lamarckism, 461 
Hypericum, 330 
Hypolimnas dubius, ^01 
Hyponomeuta, 298 
Hyponomeuta padella, 297 

Ibervillea sonorae, 442 
Ichneumon-fiy, 485 
Ichthyosauria, 505 
Icterus gdlbula, 305 
Ictonyx, 548 

Impatiens noli-^e-^tangere, 107 
Insectivores, subspedadon in, 239 
Insects, flightlessness in, 453 
number of species in, 168 
social, selection in, 43, 480, 482 
types of speciation in, 322 
lo, 431 
Iris, 224 


Jaguar, 281 
Jay, 176, 179, 180 


Jimson weed, 89, 198 
Jird, 283 
Juglans nigra, 437 
Junco, 248 
Juncus, 108 
Junonia lavinia, 244 

Kangaroo, 492 
tree, 448 

Kangaroo rat, 176 
Kestrel, 282, 310 
Kingfisher, 424 
Knapweed, 258, i 
Koala, 283 
Kobus, 234 

Labyrinthodonts, ^04 
Lacerta muratis, 283 
Lacerta sicula, 200 \ 

Lachnanthes, 189 
Lactuca, 377 

Lady-beetle [s], 210, 214, 220 
Lady*s mantle, 266 
Lagopus lagopus, 176, 196, 293 
Lagopus mutus, ill, 196, 266 
Lagopus scoticus, 176, 196, 266 , 293 
IMage aurea, 199 
Lamium, 108 
Lamprey, 282, 315 
Lamprodilus, 328 
Lamp-shell, $67 
Land-snails, 223, 232, 242, 543 
Land-tortoises, 242 
Lanius, 225 
Lanins collurio, 252 
Lanius ludovicianus, 236, 238 
Lapwing, 451 
Lark, Clot-bcy*8, 422 
crested, 192, 215, 284, 445 
desert, 462 
shore, 445 
Larus argentatus, 244 
Lams fuscus, 244 
Lasius niger, 322 
Lates, 324 
Leaf-hopper, 312 
Lebistes, 99 

Lemming, (Lemmas), ill, 114 
Lemur, 422 
flying, 423 
Lemuroidea, 515 

Lepidoptera, and green pigment, 517 
Leptospermum, 355 
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Lcpitf emerkanus^ tii 
Ij^pHS eurifpaais^ 246, 266 
L^s Umidiis^ 246, 266 
Lmcidithys, 178 
Leucichthys artedi, 178 n. 
Leuccdanta bicoloria^ 106 
Lice» 305 
Lilium^ 50 
JJmettitis, 253 
LAmnaea cohmella, 236 
Limmium pyramidale^ 276 
Limonium rarijlora, 276 
Limanium vuigare, 276 
Limpet, 319 
Linaria spuria, 438 
Ungula, 205, 557, 567 
Linnet, 266, 306 
Littorina obtusata, 222 
Lizard, 200, 214, 232, 283 
agamid, 503 
Lol^Iia, 232 
Lobiophasis bulweri, 425 
Lobipluvia malabmca, 451 
Locustella naevia, 306 
Loligo, 429 

Lomechusa, 467 
Longicom l^c^es, 523 
Loosestrife, 53 
Lophoceros mehmoleucos, 428 
Lophophorus impeyanus, 66 
Lophorina superba, 425 
Loricaiiidae, 503 
Louse, 305 
Loxia curvircstra, 281 
Lucanidae, 537, 541 
Lucerne, 342 
iMscinia luscinia, 246 
Luscinia megarhyncha, 246 
Lybius, 195, 551 
Lybius torquatus, 195 
Lycaena corydon, 285 
Lycaena thetis, 285 
Lycamidae, 280 

Lymantria, 115, 220, 235, 314, 
442. 533 

Lymantria dispar, t 91, 436 
clines in, 216 
Lynx, 111 
Lythrum, 53 

Madietes, 427 
Machetes pugnax, 102 
Mahonia, 30X 
Maiase, 328, 331, 339 n. 


Malaria, 317 
Mallard, 239 

Mammals, polymorphism in, 103 
Scottish, 183 
subspeciation, 176 
toilet-adaptadons, 422 
Man, 50, 59, 507 
as dominant type, 561 fF. 
blood-group chnes in, 219 
correlated characters in, 534 
evolution of, 526 
haemophilia, 55 
population-structure, 61 
rctictilate evolution of, 354 
selection in, 129 
taxonomy of, 403 
Manatees, 490 
Mantis, 102, 485 
Marsupials, 324, 423, 490 n., 491 
Martin, house, 279 
sand, 279 
Mastomys, 258 
Matthiola incana, 189 
Mayfly, 435 
Meadowlark, 251 
Meal-moth, 68, 303, 450 
Medicago falcata, 342 
Medicago sativa, 342 
Medicago sylvestris, 342 
Megapodius, 255 
Megascops, 106 

Melampsora ribesii-purpwea, 301 
Melandrium, 142 
Melitaea athalia, 195 
Mehtaea aurinia, 112 
Mellwora, 548 
Melospiza melodia, 219, 272 
Mephitis, 548 
Meretrix, 520 
Meriones, 283 
Merlin, 280, 282 
Merops apiaster, 311 
Mertensia, 441 
i, Mesia argentauris, 215 
Mesosaurus, 505 

Metazoa, number of species, 168 
Metridium senile, 100 
Micraster, 32, 172, 174» 39^» 5^4 
Microtus, 105, 2x2 
Microtus arualis, 105, 203 
Milkwort, 438 
Millet, 339 n. 

Mimidae, 242 
Minivet, 289 
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Mistletoe, 299, 308 
Mites, inange, 300 
sex'^etermimtion in, 149 
Mocking-birds, 242 
Mole, 421, 490 
manupiai, 492 
MoUienisia formosa, 316 
Mollimisia latipinna, 316 
MoUienisia sphenops, 316 
MoUuscoidea, number of species, 168 
Molluscs, number of species, x68 
Monkey, Colobus, 247 
Mona, I47 

Monkeys, hybridization in, 253 
Mosquitoes, races in, 317 
Motacilla, 176, 179 
Moth, 93, 106, 120 
codling, 472 
currant, 83 
gipsy, 191* 43 Z 
Moufion, 542 
Mouse, 76, 1 18 
hairless, 71 
house, 1870. 
house, Faeroe, 195 
pleiotropism, 62 
Mouse-deer, 183 
MuUeromiSt 506 
Munia jiaviprymna^ 433 
Mus faeroensis, 195 
Mus musculus, 118, 187 n. 

Muscicapa alhicollis^ 284 
Muscicapa hypaleuca, 284 
Mussels, 431 
Mustela^ 255 
Musiela erminms^ 281 
Mustek niuaUs, 281 
Musteiidae, 281 

Myriapods, number of species, 168 
MyriarchuSy 310 
Myrmecophagay 537 
Myrmecophagidae, 537 
Myrmica rubra, 322 
Myxobaaeria, 328 
Myxosporidia, 300 

Narcissi, 336 
Nasturtium, 71 
Nasutitermes guayanae, 312 
Nautilus, 205 
Nemerites canescens, 302 
Nemobius fasciatus, 298 
Nephrodium spinulosum, 33 1 198 
Nephrokpis, 55 


Nesochen sandvicensis, 421 
Nettkm crecca, 238 
Neuroterus, 285 
Nicotiana, 350n. 

Nicotiana digluta, 344 
Nicotiana diglutosa, 344 
Nicotiana gumca, 343 
Nicotiana glutinosa, 344 
Nicotiana langsdorffii, 343 
Nicotiana mtUHvalens, 344 
Nicotiana panicukta, 344 
Nicotiana rustica, 344 
Nicotiana suaveokns. 344 
Nicotiana syluestris, [344 
Nicotiana tabacum, 145, 344 
Nicotiana tomentosa\344 
Nicotiana trigonophyua, 345 
Nightingale, 246, 234, 288, 305, 306 
northern, 246 \ 

Nigh^ar, 413, 416 \ 

Notharctinae, 5x5 
Nucifraga, ixi 
Nut^raga caryotactes, 1x4 
Ntmenius arquata, 281 
Numenius phaeopus, 28 x 
Nutcracker, iii, 1x4 
Nuthatch, 219 
Nyctea nyctea, 114 
Nyctibius griseus, 416 ^ 

Nyroca fuligukr 239 

Oak, 274 

Oak-eggar, 293 

Ocelot, 281 

Oecanthus nivalis, 298 

Oenanthe lugens, 191 

Oeneis chryxus, 463 

Oenothera, 91, 137t I39f 150. 3Z9^ 3^^ 

Oenothera hookeri, 91 

Oenothera lamarckiana, 189 

Oligochaeta, 335 

Opkrys apifera, 477 

Oporchia autumnata, X95 

Oporinia autumnata, 120 

Oporomis Philadelphia, x8o 

C^oromis tolmei, 180 

Opossum, Tasmanian brush, 53 » 

203 

Opuntia, 300 
Orchid, 449, 4 ^ 

Oreotrochilus thimboraxi, 232 
Oriole, Baltimore, 305 
Oryctes nancomis, 176 
Osprey, 282 
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Ostracodenns, 5^0 
Osiretf, 489. 515 n*» 537 
Osixidi, 476 
Otis tarda^ 426 
Ouzel, ring, 266, 290 
Owl, 103, 106 
Snowy, X14 
Oxdlis, 108 
Oxl4>. 274 


PachyophiSf 505 
Pachypleura^ 505 
Paeonia, speciadon in, 381 
Paint*root, 189 
Palaeoniscidae, 542 
Palconiscoids, 158 
Palmaceae, 455 
Palms, 455 

Pahtdestrina Jenkinsi, 313 
Panda, common, 427 
giant, 427 

pMdian haliaetust 282 
Pansy, field, 517 

Papilio dardanus^ 123, 159, 191, 217 
Papilio hector t 513 
Papilio machaon, 176, 225, 278 
Papilio memnon, 97 
P<^ilio polytes, 97, loi, 513 
PapUionidae, 262 

Paradise, Birds of, 240, 425, 426, 427 
Paradiseidae, 240, 425 ff. 

Paramecium^ 84 
Paramys^ 487, 488 
Paratetranychus, 300 
Paratettix texanus, 473 
Partula^ 202, 232 
Partula clara, 233 
Partula mirMis, 233 
Partula otaheitana, 233 
Partula suturalis, 233 
Pams, 176 

Parus ater, 218, 269, 280, 290, 309 
Pams atricapillus, 280, 270, 280 
Pams carolmensis, 180 
Pams cristattis, 2^ 

Pams mr^of, 243. 255, 309 
Pams niger, 272 
Pams pmustfis, 270 

Passer domesHcus, 94 n., 256, 279, 448, 
^ 5*9 

Passer ki^aniokmis, 256 
Passer rnomanus, 279 
Passeretta, 220, 225 


Passerella iliaca, 182, 196, 238 
Passerella lincolnii, 238 
Passerella melodia, 238 
Patella, 319 
Pavo cristatus, 427 
Peacock. 36, 426, 427 
Pediculus, 305 
Pedioecetes phasianeltus, 219 
Penguins, coloration in, 518 
Peony, 381 
Peramelidae, 423 
Perch, 158 
Peregrine, 280, 282 
Pericrocopus, 289 
Periophthalmus, $53 
Perisoreus canadensis, 180 
Perisoreus ohscurus, 180 
Periwinkle, 222 
Perognathus, 462 

Peromyscus, 54, 96 n., 115, 176,182, 
188. 189, 190, 193, 206, 213, 216, 
224. 229, 235. 242, 291, 294, 432, 
434. 462. 479 

Peromyscus leucopus novehoracensis, 225 
Peromyscus maniculatus, 188, 189, 2x7 
Peromyscus polionotus, 186, 208, 210, 
218 

Petrel, fulmar, 106, 217, 445 

Petromyzon, 282 

Phascolarctus cinereus, 283 

Phaseolus, 115 

Phaseolus muhiflorus, 343 

Pltaseolus vulgaris, 343 

Phasianidae, see Pheasants 

Phasianus colchicus, 180 

Phasianus versicolor, 180 

Pheasant[s], 1460., 252, 294, 425,426, 

427. 521 
Argus, 427 
Bulwcr*s, 425 
Impeyan, 66 
Japanese, 180 
Lady Amherst, 66 
silver, 224 

Phoenicums ochrums, 266, 445 
Phoenicums phoenicums, 266 
Phylloscopus, 176 

Phylloscopus collyhita, 278, 289, 306 
Phylloscopus plumbeitarsus, 245 
Phylloscopus sibilatrix, 289 
Phylloscopus trochilus, 278, 289, 309, 424 
Phylloscopus viridanus, 245 
Phytodecta, 548 
Phytophthora infestans, 198 
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Piddae, 211 
Pims,22$ 

Pkus conus sanguiniceps^ 215 
Pieridae, 262 
Pig, 189. 481, 54a 
Pigeons, 450. 496 
Pine, Scots, 438 
Pinus, 224 
Pinus syhestris, 438 
Pipit, 180 

meadow, 266, 279, 289, 306 
rock, 266, 272, 278 
tree, 289, 306 
PituophiSt 540 
Ptagithysmus, 299, 523 
Planarians, selection in, 121 
Plantago lanceotaia, 107 
Plantago major, 441 

Plantago maritima, 177, 207, 223, 275* 
277 

Plantain, 107, 441 
Plants, ccotopic divergence in, 273 
subspeciation in, 177 
Plants and animals, difference in genetic 
systems, 135 
Plasmodium vivax, 319 
Platypoecilus, 66 
Platypoecilus maculatus, 100 
Platysamia, 219 

hybridization in, 253 
Platysomidae, 542 
Platyspiza, 326 
Plesiosauria, 505 
Plusia moneta, 445 
Poa alpina, 275 
Polecat, Cape, 548 
Polygala calcarca, 438 
Polygonia comma^lbum, 445 
Polyptems, 544 
Pomaea, 222 
Pomoideae, 350 
Pontania, 304 
Pontania salicis, 302 
Porpoises, 489 
Potato, 336 

Potentilla, 337, 347, 441 

Potentilla argentea, 347 — 

Potentilla colUna, 347 

Potentilla crantzii, 347 

Potentilla tabemaemontani, 347 

Potinara, 345 

Prairie chi^en, 201, 426 

Prenanthes, 377 

Prickly pear, 300 


Primates, 490, 515, 518, $26 
evolution of, 396 
Primrose, 53, 222, 274, 313 
evening, 91, 189, 329 
Primula, 53, xo8 
Primula elathr, 274 
Primula Jloribunda, 87, 142, 340 
Primula kewensis, 87, 141, ^ 44 , 

340. 347 

Primula sinensis, 64, 107, 189 
Primula veris, 275 
Primula verticillata, 87, 142, 340 
Primula vulgaris, 222, 274, 313 
Proboscidea, 515 j 
Protozoa, 84, 132 ,li 35 
Prunus spinosa, $$6\ 

Psettodes, 497 \ 

Psylla mali, 296 \ 

Ptarmigan, lii, 196I 266, 271, 278 
Pteridium aquilinum, 517 
Pteridophyta, 13$ ' 

Pterosaurs, 446 
Puccinia, 301 
Puccinia graminis, 307 
Puffin, 212 
Puffinus griseus, 286 
Puffinus tenuirostris, 286 
Pulsatilla, 223 
Pygaera, 141 
Pygaera anachoxeta, 76 
Pygaera curtula, 76 
Pyrrhula pyrrhula, 247, 281 
Pyrrhula pyrrhula murina, 327 

Quagga, 218 
Quercus robur, 274 
Quercus sessilifiora, 274 
Quiscalus, 251 

Rabbit, 195. SH. 532 

Himalayan, 64, 546 

snowshoe, 111 
Radish, 347 

Radish-cabbage hybrid, 141, 347 
Rail, clapper, 273 

king, 273 
Rallus elegans, 273 
Rallus hngirostris, 273 
Ramondia, 197 
Rana esculenta, 285 
Rangifer tarandus, 121, 273 
Ranunculus, 339 n* 

Ranunculus dortivus, 199 
Ranunculus dlleghenimsist X 99 
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RammcuUts no 
Rammculus panHflorus, 446 
Raphanobrasska, 141, 347 
Raphanus sativus^ 347 
Rat, S4f 118, 202, 256 
black, 256 
brown, 256 

effects of ttaining in, 459 
hooded, 65, 70 
pleiotropism, 62, 63 
Ratel, 548 

Rattlesnake, 308, 537 
Rattus (Mastomys) coucha, 257 
Rattus norvegicuit 256 
Rattus rattus^ 256 
Raven, 262 
Redpoll, 212, 290 
Redshank, 402 
Redstart, black, 266, 445 
common, 266 
Regutus ignicapiUuSt 290 
Rt^lus reguhiSt 194, 290 
Reindeer, 121 

Reptiles, Mesozoic, adaptive radiation 
of, 493 

Rhabdocoela, 334 
Rhacopkoms schlegeliU 282 
Rkagoletis pomonella, 296 
Rhamphocorys clot^ey, 422 
Rhea, 476 

Rhinoceros, 485, 498, 535 n. 

Rhipidura brachyrhyncha, 103 
Rhododendron [s], 273, 392 
Rhoeo, 140, 330 
Rhyada alpkola, 198 
Rhyndtospora capitetlata, 388 n. 

Rsbes, 145, 348 
Rice-gi^, 451 
Rifle-bird, 42$ 

Riparia riparia, 279 
Robin, 36, 242, 306, 309, 310 
American, 290, 3x0 
Rodents, 490, 548 * 
coat-colour, 511 
Roedeer, 442 
RoUer, 444 
hybridization in, 252 
Rosa, 147, 351 
hybridization in, 352 
Rosa canina, 383 
Rose, 350, 3SI. 519 
Rotifers, 84 

sex-detemination in, 149 


H 7 . 334 . 351 
hybridkatioa in, 352 
Rudd, 469 

Ruff, 36, 102, 289, 427 
Rumex acetosa, 446 
Rumex lapathifoUum, 137 
Rushes, 388 n. 

Rusts, 301, 308 


Saaulina, 485, 558 
Sagartia, 313 
Saissetia oleae, 471 
Salamander, 315, 458 
Salicaceae, 455 
SaUcomia disarticulata, 276 
Salicomia doUchostachya, 276 
Salkomia gracillima, 276 
Salicomia herbacea, 276 
Salicomia ramosissinta, 276 
Salix, 302, 345 , 35 i» 353 
Salmon, 315 
Saltator, 199 
Sahelinus, 177 
Sandpiper, 292, 31 1 
Sarcopies scaber, 300 
Satyrus anthe, 513 
Sa'^y, 302 

Saxicola rubetra, 290, 307 
Saxicola torquata, 290 
Scale, black, 471 
citricola, 471 
red, 299, 471 

Scardinius erythrophthalmus, 469 
Sciara, 148 
Scilla autumnalis, 439 
Sdlla vema, 439 
Sdurus vulgaris, 184 
dimorphism, 98 
Sea-anemone, 100, 313 
Sea-campion, 198 
Sea-cows, 490 
Sea-elephants, 484 
Sea-lavender, 276 
Sea-lions, 490 
Sea-squirt, 558 
Sea-trout, 178 
Sea-urchin, 32, 514, 549 
Seals, 490 
Secale, 339 n. 

Seiurus noveboracensis, 35s 
Senedo, 177. 232, 355 
Senedo campestris, 447 
Sepia officinalis, 416 
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Serin findi, 306, 444 
Serims canarius, 306, 444 
Scndcc-trcc, 198 
Shearwater, 286 
Sheep, 82, 189, 275, 541 
hornless, 76 
isolation in, 186 
Shelduck, 239 
Shrews, 281 

Shrike[s], X82, 193, 225, 236, 415 
hybridization in, 252 
Sicl^bills, 183, 324 
Silene, 274 

SiJene ciUaia, 145, 336 

Silene maritima, 198, 266, 268 

Silene vulgaris^ 266, 268 

Silkworm, 53 

Sirenia, 505 

SireXt 429 

Sitta caesia^ 219 

Situtunga antelope, 236 

Skua, 103 

Skunks, 548 

Skylark, 306, 426 

Sloths, 490 

Snail[s], 291, 431 

Snake, 540 

Snake, garter, 291 

Snapdragon, 53 

Snipe, 240, 516 

Solmmm demissum, 198 

Solamm dulcamara^ 277 

Solamm irallis^mexid, 336 

Solenobiat 141 

Sorhus, 198 

Sarex araneus, 281 

Si>rex minutus, 281 

Sorghum purpureo^sericeunu 339 »• 

Saricidae, 281 

Soroseris, 377 

Sparrow, 256, 326 n., 378, 448 

fox, 182, 193, 196, 217, 220, 225, 
238 

house, 94 n., 256, 279, 448, 519, $21 
Lincoln, 238 
song, 219, 238, 272 
tree, 279 - 

Sparrow-hawk, 106, 282 
Spartina altemijiora, 341 
Spmina townsendiU 146, 341, 384, 451 
Speedwell, 269 
Spider, red, 300 
Spilosoma mendica^ 106 
Sponges, number of species, 168 


Sprosser, 246, 254» 288 
Squirrel, X03, 184, 192, X93f 227, 488 
red, dimorphis^ 98 
Starling, 187 n., 424 
Stegocephaha, 505 
Stegosaur, 485 
Stellaria mediae 5x7 
Sterna, 279 

Stick-insects, X02, 303 n., 459 
Stoat, 28 X 
Stock, X89 
Stockdove, 3x0 
Stonechat, 290 
Struthio, 476 I 

Stumella, 25 x I 

Stumus vulgaris, 187 n. 

Swallow, 279, 3ix,^p4 
Swallowtail, see Butterfly, swallowtail 
Sylvia, 176 \ 

Sylvia atricapilla, 3o6\ 

Sylvia communis, 306 \ 

Sylvia curruca, 270, 306 
Sylviinae, 307 
Synagris comuta, 321 
Synentognathi, 158 
Synodontis hatens^, 41$ 

Syrphus, 323 


Tachyeres, 285 , 

Tadoma tadoma, 239 
Tamandua, 537 
Tapeworm, 558 

Taraxacum, 120, 137, X47, 166, 375 , 477 
Tarwecds, 276 
Teal, 238 
Teleosts, 544 

Termites, 3x2, 482, 491* 554 
Terns, 279 

Tetranychus opuntiae, 300 
Thamnohia, 242 
Thamnophis ordinoides, 291 
Thera juniperata, 185 
Thrasher, 42X, 452 
Thrush, song, 290, 306 
water, 355 
Thrushes, 290 
Thyme, 198 
Thymus serpyllum, 198 
Thysanoptera, sex-^tcrmination hi* 


149 

Tit, 176 

cole, 2X8, 269, 280, 290, 309 
crested, 269, 270 
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Tit (coHtimted) 
great, 243, 309 
fong-4ailed, 247, 254, 280 
mai^, 270, 289, 290 
willow, 270, 280, 289, 290 
Titanotheres, 172, 488, 491, 495, 507, 
508, 515. 534 
Titanotheria, 507 
Toad, fire-bellied, 246 
Toads, 253 
Tobacco, 118, 35011. 

preadaptation in, 52 
Tomatoes, 337 
Tetanus hypokucus, 311 
Toxostoma^ 421, 452 
Tradescantia, 338, 375 
Tragelaphus spekiu 236 
Trains, 183 

Trce-crccpcr, 245, 284, 306 
-cricket, 298 
-fixig, 282, 292 
-heath, 232 
Truhogrammat 311 
Trichoniscus, 314, 336 
Trichosurus^pulpecukt 104, 203 
Tridacna, 429 
Triiobites, 508, 560 
TrimetropiSt 253 
Tfinga tetanus^ 403 
Triticum spetta^ 332 
Triticum Hmepheevi, 345 
Tritiam vulgare^ 145, 332 
Tfdghdytes, 181, 223 
Troglodytes musculus, 225 
Troglodytes tr<^lodytes, 212 
Troglodytes t, hirtensis, 160, 176, 309 
Troglodytes t. zetlandkus, 176, 309 
Trogons, 426 
Trout, 178, 315 
TrunaUinella hritamica, 196 
Truncatinella rivierana, 197 
TrypoxyUm^ 321 
Tulipa, 143, 378 
^pedation in, 378 
Tulips, 336, 519 
Turhmella pmm^ 177 
Turdus, 290 
Tmdus ericetorump 306 
Turdus $nerula, 24S6, 290, 306, 309 
Turdus migratorius, 290, 310 
Tmdus pmlomebtSp 290 
Turdus ior^tatus, 266, 290 
Tmritditesp 508 
Twite, 266 


Tylenchus dipsaci, 300 
Tympanuchus cupido, 201, 426 
Typothercs, 491 


Uca, S4I 
Ulmus, 227 
Ungulates, 490 
Uredineae, 301 
Uria aalgCp 105, 161 


Venusia peniculata, 415 

VermivorOp 251, 254 

Veronica, 280, 393 

Veronica hybrida, 269 

Veronica spicata, 269 

Vertebrates, number of species, 168 

Vetch, kidney, 356, 441 

Viola, 108, 109, 353 

Viola kitaibeliana, 336, 349 

Viola tricolor, 517 

Viper’s bugloss, 107 

Viruses, 131 

Viscum album, 308 

Vitis IdhruscOp 314 

Vole, 53, 105, 1 18 

Vulpes, III 

Vulpesfuha, 103, 185 

Vulpes vulpes, 185 


Wagtail, 176, 179 
Walnut, 437 

Warbler, grasshopper, 306 
sedge, 309, 534 
willow, 278, 289, 309, 424 
wood, 289 

Warblers, 180, 245, 251, 307 
Wasp, chalcid, 299 
Water-boatman, 468 
-flea, 118 
-snail, 236 
Waxbell, 278 
Wax-moth, 303, 459 
Weasels, 255, a8i 
Weeds, 278 
Whales, 240, 489 
whalebone, 493 
Wheat, 308, 345 
einkorn, 345 
Whimbrel, 281 
Whinchat, 290, 307 
White Admiral, 253 
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